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Abstract
Two loop renormalization group equations for dimensionless as well as dimen-
sionful parameters are obtained for the low energy theories that result from de-
coupling heavy scalar particles in Split SUSY and Effective SUSY scenarios,
assuming that only a single Higgs field survives at low energy. For the Effec-
tive SUSY case two scenarios are considered: first, when the only light third
generation scalars are the partners of the left-handed quark doublet and the
right-handed top quark –which yields the minimal matter content compatible
with naturalness– and second, when all the scalars of the third generation are
light. These beta functions implementing decoupling will be useful to avoid the
problems of perturbation theory in the MSSM in a mass-independent scheme
such as DR when large hierarchies in the spectrum are present.ar
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1 Introduction
Low energy Supersymmetry (SUSY) is mainly motivated by the hierarchy problem, the
unification of gauge couplings and by the fact that, in the presence of R-parity, it provides
stable dark matter candidates with the correct relic density.
Due to the large number of parameters of the Minimal Supersymmetric Standard Model
(MSSM), there is a large variety of possible spectra for the new particles predicted by SUSY.
The measurements being performed at the Large Hadron Collider (LHC) are already dis-
carding sizable portions of constrained parameter spaces, obtained by assuming symmetries
or degeneracies among the MSSM parameters at some high energy scale. Such is the case,
among others, of the sugra-inspired constrained MSSM (CMSSM), or models of gauge me-
diation (see for example [1], [2]).
If SUSY is still realized in Nature, the lack of evidence for supersymmetric particles may
put into question its relevance as a solution of the hierarchy problem or encourage to look for
less constrained spectra which still allow for naturalness. In these two cases, Split-SUSY [3,4]
and Effective SUSY [5] may be singled out as the best motivated low energy scenarios. The
spectrum of Split-SUSY at low energy includes, apart from the Standard Model particles,
gauginos and higgsinos; it still allows for gauge coupling unification (or even improves it) and
has dark matter candidates; however, it is heavily tuned. On the other hand, the Effective
SUSY scenario at low energy adds to the previous set of particles some or all of the third
generation scalar superpartners, which allows to retain naturalness up to scales of 10-20TeV;
also, the flavor problem is solved by decoupling of the first two generations [6]. The minimal
choice of light third generation scalars with a single low energy Higgs field includes only the
left handed squark doublet and the right handed stop [7]. When all the third generation
superpartners are present, more fine-tuning is expected due to the appearance of hypercharge
D-term contributions in the beta function of the Higgs mass, which are absent in the minimal
case.
The two scenarios outlined above involve particle spectra with large hierarchies in the
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mass parameters. This immediately raises the question of whether perturbative calculations
in a mass-independent scheme such as DR (using for example the 2-loop MSSM beta func-
tions obtained in ref. [8]) are spoiled by the appearance of large terms involving logarithms
of the masses of the heavy particles. Such mass-independent schemes are not physical, and
when using them the effect of the heavy particles does not decouple at low energies. For
example, in Effective SUSY scenarios it is known that the 2 loop RG equations can drive
the third generation soft masses to negative values [9]. However, finite quantum corrections
can become quite significant due to the large logarithms mentioned before, and can drive the
tachyonic masses to positive values. The fact that these quantum corrections become large
raises doubts about the precision of the calculations, especially if one is interested in the
cases in which third generation sparticles become light. This motivates the use of a physical
mass-dependent scheme in which the heavy sparticles decouple.
Such a scheme can be approximated by a stepwise running of the parameters of the
theory, in which the heavy particles decouple at their thresholds. This requires to obtain the
beta functions for all the parameters of the low energy theories that result after decoupling
the heavy particles in the different scenarios. There are already results in the literature in
the Split SUSY case: the one-loop RG equations where obtained in ref. [4], with two-loop
contributions included for the gauge couplings. Other two-loop beta functions, ignoring
flavor mixing effects, were obtained for dimensionless parameters in refs. [10] and ref. [11],
with small discrepancies in the running of the quartic coupling. This article reports the
computations of the full 2-loop beta functions in the MS scheme of all the dimensionless and
dimensionful couplings appearing in the low energy theories (with heavy particles decoupled)
describing the Split SUSY scenario as well as the two Effective SUSY realizations alluded
to above: the minimal one, in which the only light scalars of the third generation are the
left-handed quark doublet and the right handed stop, and the scenario in which all the third
generations scalars are light. The RG equations were obtained from the results of ref. [12],
which build upon the classic papers [13], [14] and [15] by properly dealing with complex
fermion fields. The parameters of the low energy theories are all those consistent with the
gauge symmetries and lepton number conservation, and the beta functions were computed
including phases for Yukawa couplings and fermion masses and taking into account off-
diagonal flavor contributions –however, for reasons of space most of the formulae displayed
in the paper neglect them. The full formulae are available in the arXiv source material. In
the Split-SUSY case, the results of refs. [10] and [11] are reproduced safe for small differences:
the RG equation for the scalar quartic coupling coincides with that of ref. [10], while some
discrepancies arise with respect to ref. [11] in 2-loop terms involving the gauge coupling g2.
To motivate the need for these new beta functions, Fig. 1 shows an example of the 2
loop MSSM DR running [8] of the soft mass m2Q33 in a minimal Effective SUSY scenario, as
well as m2L33 in a nonminimal one, compared with the running in the theories implementing
decoupling. In both cases, first generation sparticles were given masses of 15 TeV, and
boundary conditions inspired by gauge mediation were imposed for the light supersymmetric
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particles at scales ΛG = 180 TeV and ΛG = 280 TeV, respectively.
1. Clearly there are large
deviations from the MSSM DR running, which drives the soft masses to tachyonic values.
The difference between the 2 RG flows would correspond to finite corrections in the MSSM
DR scheme, which, as anticipated, become very large and put into question the precision of
the perturbative calculation, which furthermore becomes problematic due to the tree-level
tachyonic masses. These problems are avoided by using the decoupled RG flows. A more
detailed phenomenological study of Effective SUSY scenarios using RG flows implementing
decoupling will be given in a separate work [16].
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Figure 1: 2 loop running of m2Q33 in a minimal Effective SUSY scenario (left), and m
2
L33 in a
non-minimal one (right). The blue line represents the MSSM DR running, while the red line
represents the running in the the theory with heavy scalars decoupled at 15 TeV. Threshold
effects at this scale were ignored.
The paper is organized as follows. Section 2 introduces the field content and Lagrangians
of each of the three scenarios: Split SUSY in §2.1, the minimal Effective SUSY scenario in
§2.2, and the non-minimal one in §2.3. The beta functions are given in Section 3, with the
different scenarios being considered in §§3.1, 3.2 and 3.3, respectively. Final comments are
given in §4. For reasons of space, most of the formulae in the paper ignore complex phases.
In the Split-SUSY case the formulae include off-diagonal flavor contributions, but these have
been neglected in the expressions given for the beta functions in Effective SUSY scenarios.
Also, for the latter, two-loop formulae are provided for the beta functions of the gauge
couplings, Standard-Model like Yukawa couplings and fermion and scalar mass terms, while
the rest of the expressions are given at one-loop. The full 2 loop formulae including complex
phases for Yukawa couplings and fermion masses as well as off-diagonal flavor contributions
are available in the arXiv source material.
1The boundary conditions considered are m2light =
2Λ2G
(16pi2)2
∑
i g
4
iC2(i) for the light squarks and leptons
and Mi = g
2
iΛg for the gauginos; trilinear couplings were set to zero. µ was taken as M1 at the high scale
and m2Hu , m
2
Hd
and Bµ were determined by demanding a correct electroweak symmetry breaking together
with a consistent Higgs decoupling limit in the MSSM, yielding a Standard-Model like light Higgs and heavy
Higgs states with masses of 15 TeV. tanβ was fixed at 10 and Λg was set at 1 TeV.
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2 Low energy Lagrangians
The field content and Lagrangians of the three different low energy scenarios outlined above
are introduced next. Throughout this paper, fermion fields are denoted with lower case
letters, and scalars with upper case ones.
2.1 Split SUSY
The low energy theory includes the Standard Model particles as well as gauginos and higgsi-
nos. The notation for the particle fields as well as their representations under the Standard
Model gauge group are given in the next table.
SU(3) SU(2) U(1)
qi, i = 1 . . . 3   1/6
uci , i = 1 . . . 3  I -2/3
dci , i = 1 . . . 3  I 1/3
li, i = 1 . . . 3 I  -1/2
eci , i = 1 . . . 3 I I 1
hu I  1/2
hd I  -1/2
λ3 Ad I 0
λ2 I Ad 0
λ1 I I 0
H I  1/2
The Lagrangian is taken as follows,
L =LSM−
µhuhd+ 12
3∑
k=1
l(k)∑
A=1
Mkλ
A
k λ
A
k +
2∑
k=1
l(k)∑
A=1
(gHkH
†TAk λ
Ahu+gH∗kHT
A
k λ
Ahd)+c.c.
 ,
(2.1)
where LSM is the Standard Model Lagrangian and {l(k)} = {1, 3, 8} designate the dimension
of the adjoint representation of the kth group, with the ordering {Gk} = {U(1), SU(2), SU(3)}.
In order to fix the notation, the gauge couplings are denoted by gk, the Yukawa matrices are
yuij, ydij, ylij, and the mass and quartic parameter of the Higgs potential are m
2 and λ; the
Yukawa interactions and Higgs potential are then
LSM ⊃ −(yu)jiqiHucj − (yd)jiqiH†dcj − (yl)jiliH†ecj −m2HH†H −
1
2
λ(H†H)2,
5
where i, j are family indices, qiH = q
a
i 
abHb, a, b being SU(2) indices and ab the usual
antisymmetric tensor with 12 = 1.
The resulting beta functions of the couplings (with a GUT normalization convention for
the gauge coupling g1) are shown in §3.1.
2.2 Minimal Effective SUSY
The low energy theory includes the fields of the previous section plus the third generation
left-handed squark doublet and the right handed stop of the MSSM. The field content is
summarized in the next table.
SU(3) SU(2) U(1)
qi, i = 1 . . . 3   1/6
uci , i = 1 . . . 3  I -2/3
dci , i = 1 . . . 3  I 1/3
li, i = 1 . . . 3 I  -1/2
eci , i = 1 . . . 3 I I 1
hu I  1/2
hd I  -1/2
λ3 Ad I 0
λ2 I Ad 0
λ1 I I 0
H I  1/2
Q   1/6
U c  I -2/3
The most general renormalizable Lagrangian without lepton or baryon number violating
terms is
L =LSM −
{
µhuhd + zqjU
cqjhu + zujQhuu
c
j + zdjQhdd
c
j +
1
2
3∑
k=1
l(k)∑
A=1
Mkλ
A
k λ
A
k
.+
3∑
k=1
l(k)∑
A=1
(gHkH
†TAk λ
Ahu + gH∗kHT
A
k λ
Ahd + gQj,kQ
†TAk λ
Aqj + gUj,kU
c†TAk λ
Aucj) + c.c.
}
− 1
2
3∑
k=1
l(k)∑
A=1
γk,S,S′D
k,A
S D
k,A
S′ −
1
2
∑
S
λS(S
†S)2 −
∑
S 6=S′
λSS′(S
†S)(S ′†S ′)
− λ′QU(QU c)(Q†U c†)− λ′HQ(HQ)(H†Q†)− λ′′HQ(HQ†)(H†Q)−m2QQ†Q−m2UU c†U c
− (auQHU c + c.c.), Dk,AS ≡ S†TAk S. (2.2)
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In the expression above, S, S ′ denote the scalar fields in the theory, and γk,S,S′ = γk,S′,S; j is
summed over and runs over the three generations, and a, b –which are also summed over– are
SU(2) indices of the fundamental representation. Given the transformation properties of the
fields under the gauge groups, gH3 = gH∗3 = gUj,2 = γ2,S,U = γ3,H,S = 0. Also, several of the
quartic couplings in eq.(2.2) are redundant and can be ignored. This follows from the fact
that after expanding the Lagrangian the quartic couplings γk,S′,S and λ end up appearing
only in combinations that are equal to or proportional to the following:
3λH +
3
4
γ1,H,H +
3
4
γ2,H,H , λ
′′
HQ + λHQ +
1
12
γ1,H,Q +
1
4
γ2,H,Q,
λ′HQ + λHQ +
1
12
γ1,H,Q − 14γ2,H,Q, λHU − 13γ1,H,U ,
−λ
′
HQ
2
+
λ′′HQ
2
+ 1
4
γ2,H,Q, 3λQ +
1
12
γ1,Q,Q +
3
4
γ2,Q,Q + γ3,Q,Q,
λQ +
1
36
γ1,Q,Q − 14γ2,Q,Q − 16γ3,Q,Q, λ′QU + λQU − 19γ1,Q,U − 13γ3,Q,U ,
λQU − 19γ1,Q,U + 16γ3,Q,U , 14γ2,Q,Q + 14γ3,Q,Q,
λ′QU
2
− 1
4
γ3,Q,U , 3λU +
4
3
γ1,U,U + γ3,U,U .
This means that some of the λ and γk,S,S′ are redundant. Out of these twelve combinations,
nine are independent, and they can be absorbed into new γk,SS′ couplings as follows
γ1,HH = γ1,HH + γ2,HH + 4λH , γ1,HQ = γ1,HQ + 12λHQ + 6λ
′
HQ + 6λ
′′
HQ,
γ1,HU = γ1,HU − 3λHU , γ1,QQ = γ1,QQ + 36λQ + 3γ3,QQ,
γ1,QU = γ1,QU − 9λQU − 3λ′QU , γ1,UU = γ1,UU +
9
4
λU +
3
4
γ3,UU ,
γ2,HQ = γ2,HQ − 2λ′HQ + 2λ′′HQ, γ2,QQ = γ2,QQ + γ3,QQ,
γ3,QU = γ3,QU − 2λ′QU . (2.3)
Hence, the independent couplings of the Lagrangian can be taken as:
gi, yuij, ydij, ylij, zqi , zui , zdi , gQi,k , gUi,1 , gUi,3 ,Mi, i, j, k = 1, 2, 3,
gH1 , gH∗1 , gH2 , gH∗2 , γ1,H,H , γ1,H,Q, γ1,H,U , γ1,Q,Q, γ1,Q,U , γ1,U,U , γ2,H,Q, γ2,QQ,, γ3,Q,U ,
µ, au,m
2
H ,m
2
Q,m
2
U . (2.4)
Eqs. (2.3) will be needed when matching the MSSM quartic couplings to the independent
couplings of eq. (2.4). Note that several terms in the Lagrangian corresponding to interac-
tions beyond the Standard Model are not flavor diagonal, while flavor mixing contributions
due to new Physics are expected to be small. Even though the beta functions in the full
flavor mixed case were computed, for reasons of space and given the fact that off-diagonal
flavor contributions are expected to be small, the formulae in §3.2 will neglect these, except
in the case of the gauge couplings. To ease the notation, the following definitions will be
used:
gH1 ≡ g¯1, gH∗1 ≡ g¯2, gH2 ≡ g¯3, gH∗2 ≡ g¯4, gQ3,1 ≡ g¯5, gQ3,2 ≡ g¯6,
gQ3,3 ≡ g¯7, gU3,1 ≡ g¯8, gU3,3 ≡ g¯9, γ1,H,H ≡ γˆ1, γ1,H,Q ≡ γˆ2, γ1,H,U ≡ γˆ3,
γ1,Q,Q ≡ γˆ4, γ1,Q,U ≡ γˆ5, γ1,U,U ≡ γˆ6, γ2,H,Q ≡ γˆ7, γ2,Q,Q ≡ γˆ8, γ3,Q,U ≡ γˆ9,
(2.5)
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2.3 Effective SUSY with a full generation of light scalars
Lastly, the low energy theory in this case involves all the fields in the previous sections plus
a right-handed sbottom, a left-handed third-generation slepton doublet and a right handed
stau, as summarized in the next table.
SU(3) SU(2) U(1)
qi, i = 1 . . . 3   1/6
uci , i = 1 . . . 3  I -2/3
dci , i = 1 . . . 3  I 1/3
li, i = 1 . . . 3 I  -1/2
eci , i = 1 . . . 3 I I 1
hu I  1/2
hd I  -1/2
λ3 Ad I 0
λ2 I Ad 0
λ1 I I 0
H I  1/2
Q   1/6
U c  I -2/3
Dc  I 1/3
L I  -1/2
Ec I I 1
The most general renormalizable Lagrangian without lepton and baryon number violating
terms is
L =LSM−
{
µhuhd + zqjU
cqjhu + zujQhuu
c
j + zdjQhdd
c
j + zq∗jD
cqjhd + zljE
cljhd
+zejLe
c
jhd +
1
2
3∑
k=1
l(k)∑
A=1
Mkλ
A
k λ
A
k +
3∑
k=1
l(k)∑
A=1
(gHkH
†TAk λ
Ahu + gH∗kHT
A
k λ
Ahd
+ gQj,kQ
†TAk λ
Aqj + gUj,kU
c†TAk λ
Aucj + gDj,kD
c†TAk λ
Adcj + gLj,kL
†TAk λ
Alj (2.6)
+gEj,kE
c†TAk λ
Aecj) + c.c.
}− 1
2
3∑
k=1
l(k)∑
A=1
γk,S,S′D
k,A
S D
k,A
S′ −
1
2
∑
S
λS(S
†S)2
−
∑
S 6=S′
λSS′(S
†S)(S ′†S ′)− λ′QU(QU c)(Q†U c†)− λ′HQ(HQ)(H†Q†)− λ′′HQ(HQ†)(H†Q)
− λ′HL(HL)(H†L†)− λ′′HL(HL†)(H†L)− λ′QL(QL)(Q†L†)− λ′′QL(QL†)(Q†L)
− λ′QD(QDc)(Q†Dc†)−λ′UD(U c†Dc)(U cDc†)−m2QQ†Q−m2UU c†U c−m2DDc†Dc−m2LL†L
8
−m2EEc†Ec− (auQHU c+ cdQH†Dc + clQH†Ec + λ′E(QL†)(Ec†Dc) + λ′′E(QL)(EcU c)
+ c.c.)
In this case, given the properties of the fields under gauge transformations, gH3 = gH∗3 =
gUj,2 = gDj,2 = gLj,3 = gEj,2 = gEj,3 = γ2,U/D/E,S = γ3,H/L/E,S = 0; the notation and summing
conventions are the same as in eqs. (2.1) and (2.2).
Again, some of the γk,S,S′ are redundant, as follows from the fact that the quartic couplings
λS, λS,S′ , γk,S,S′ only appear in combinations proportional to the following:
3λH +
3
4
γ1,H,H +
3
4
γ2,H,H , λ
′′
HQ + λHQ +
1
12
γ1,H,Q +
1
4
γ2,H,Q,
λ′HQ + λHQ +
1
12
γ1,H,Q − 14γ2,H,Q, λHU − 13γ1,H,U ,
λHD +
1
6
γ1,H,D, λ
′′
HL + λHL − 14γ1,H,L + 14γ2,H,L,
λ′HL + λHL − 14γ1,H,L − 14γ2,H,L, λHE + 12γ1,H,E,−1
2
λ′HQ +
1
2
λ′′HQ +
1
4
γ2,H,Q, −12λ′HL + 12λ′′HL + 14γ2,H,L,
3λQ +
1
12
γ1,Q,Q +
3
4
γ2,Q,Q + γ3,Q,Q, λQ +
1
36
γ1,Q,Q − 14γ2,Q,Q − 16γ3,Q,Q
λ′QU + λQU − 19γ1,Q,U − 13γ3,Q,U , 3λE + 3γ1,E,E
λQU − 19γ1,Q,U + 16γ3,Q,U , λ′QD + λQD + 118γ1,Q,D − 13γ3,Q,D,
λQD +
1
18
γ1,Q,D +
1
6
γ3,Q,D, λ
′′
QL + λQL − 112γ1,Q,L + 14γ2,Q,L,
λ′QL + λQL − 112γ1,Q,L − 14γ2,Q,L, λQE + 16γ1,Q,E,
1
4
γ2,Q,Q +
1
4
γ3,Q,Q,
1
2
λ′QU − 14γ3,Q,U ,
1
2
λ′QD − 14γ3,Q,D, −12λ′QL + 12λ′′QL + 14γ2,Q,L,
3λU +
4
3
γ1,U,U + γ3,U,U , λ
′
UD + λUD − 29γ1,U,D + 13γ3,U,D,
λUD − 29γ1,U,D − 16γ3,U,D, λUL + 13γ1,U,L,
λUE − 23γ1,U,E, 12λ′UD + 14γ3,U,D,
3λD +
1
3
γ1,D,D + γ3,D,D, λDL − 16γ1,D,L,
λDE +
1
3
γ1,D,E, 3λL +
3
4
γ1,L,L +
3
4
γ2,L,L,
λLE − 12γ1,L,E, λ′E, λ′′E.
Only 30 linear combinations of the quartic couplings give independent contributions to the
Lagrangian; these are
γ1,HH = γ1,HH + γ2,HH + 4λH , γ1,HQ = γ1,HQ + 12λHQ + 6λ
′
HQ + 6λ
′′
HQ,
γ1,HU = γ1,HU − 3λHU , γ1,HD = γ1,HD + 6λHD,
γ1,HL = γ1,HL − 4λHL − 2λ′HL − 2λ′′HL, γ1,HE = γ1,HE + 2λHE,
γ1,QQ = γ1,QQ + 36λQ + 3γ3,QQ, γ1,QU = γ1,QU − 9λQU − 3λ′QU ,
γ1,QD = γ1,QD + 18λQD + 6λ
′
QD, γ1,QL = γ1,QL − 12λQL − 6λ′QL − 6λ′′QL,
γ1,QE = γ1,QE + 6λQE, γ1,UU = γ1,UU +
9
4
λU +
3
4
γ3,UU ,
γ1,UD = γ1,UD −
9
2
λUD − 3
2
λ′UD, γ1,UL = γ1,UL + 3λUL,
γ1,UE = γ1,UE −
3
2
λUE, γ1,DD = γ1,DD + 3γ3,DD + 9λD,
9
γ1,DL = γ1,DL − 6λDL, γ1,DE = γ1,DE + 3λDE,
γ1,LL = γ1,LL + γ2,LL + 4λL, γ1,LE = γ1,LE − 2λLE,
γ1,EE = γ1,EE + λE, γ2,HQ = γ2,HQ − 2λ′HQ + 2λ′′HQ,
γ2,H,L = γ2,H,L − 2λ′HL + 2λ′′HL, γ2,QQ = γ2,QQ + γ3,QQ,
γ2,Q,L = γ2,Q,L − 2λ′QL + 2λ′′QL, γ3,QU = γ3,QU − 2λ′QU ,
γ3,QD = γ3,QD − 2λ′QD, γ3,UD = γ3,UD + 2λ′UD,
λ′E, λ
′′
E.
The choice of independent couplings for the Lagrangian is given then by:
gi, yuij, ydij, ylij, zqi , zui , zdi , zq∗i , zli , zei , gQi,k , gU/Di,1/3 , gLi,1/2 , gEi,1 ,Mi, i, j, k = 1, 2, 3,
gH1/2 , gH∗1/2 , γk,S,S′ , {k, S, S ′} /∈ {{2, U/D/E, S}, {3, H/L/E, S}, {3, Q,Q}, {3, U, U},
{3, D,D}, {2, H,H}, {2, L, L}}, λ′E, λ′′E, µ, au, cd, cl,m2H ,m2Q,m2U ,m2D,m2L,m2E. (2.7)
As in the case of the minimal realization of low-energy Effective Supersymmetry, the formulae
for the beta functions given in §3.3 neglect off-diagonal flavor contributions as well as phases
in Yukawa couplings and fermion mass parameters. To simplify the notation, the following
definitions are used
gH1 ≡ g¯1, gH∗1 ≡ g¯2, gH2 ≡ g¯3, gH∗2 ≡ g¯4, gQ3,1 ≡ g¯5, gQ3,2 ≡ g¯6,
gQ3,3 ≡ g¯7, gU3,1 ≡ g¯8, gU3,3 ≡ g¯9, gD3,1 ≡ g¯10, gD3,3 ≡ g¯11, gL3,1 ≡ g¯12,
gL3,2 ≡ g¯13, gE3,1 ≡ g¯14, γ1,H,H ≡ γ˜1, γ1,H,Q ≡ γ˜2, γ1,H,U ≡ γ˜3, γ1,H,D ≡ γ˜4
γ1,H,L ≡ γ˜5, γ1,H,E ≡ γ˜6, γ1,Q,Q ≡ γ˜7, γ1,Q,U ≡ γ˜8, γ1,Q,D ≡ γ˜9, γ1,Q,L ≡ γ˜10
γ1,Q,E ≡ γ˜11, γ1,U,U ≡ γ˜12, γ1,U,D ≡ γ˜13, γ1,U,L ≡ γ˜14, γ1,U,E ≡ γ˜15, γ1,D,D ≡ γ˜16
γ1,D,L ≡ γ˜17, γ1,D,E ≡ γ˜18, γ1,L,L ≡ γ˜19, γ1,L,E ≡ γ˜20, γ1,E,E ≡ γ˜21, γ2,H,Q ≡ γ˜22
γ2,H,L ≡ γ˜23, γ2,Q,Q ≡ γ˜24, γ2,Q,L ≡ γ˜25, γ3,Q,U ≡ γ˜26, γ3,Q,D ≡ γ˜27, γ3,U,D ≡ γ˜28
λ′E ≡ γ˜29, λ′′E ≡ γ˜30. (2.8)
To simplify the formulae, some beta functions are given in comparison with those in the
Minimal Effective Susy scenario, which are denoted with the superscript “MES”. In this
respect, note that the parameters γˆ in the Minimal Effective Susy case can be expressed in
terms of the parameters γ¯ of the nonminimal scenario with the aid of eqs. (2.5) and (2.8).
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3 Beta functions
This section provides the beta functions in the MS scheme for the parameters of the theories
described in §2. As usual, for a coupling α, βα = µdαdµ . The g1 hypercharge gauge coupling is
taken in the GUT normalization, and ξ denotes the standard gauge parameter. For reasons
of space, complex phases are in general ignored, while off-diagonal flavor couplings are only
taken into account in the Split SUSY case and in the beta functions for the gauge couplings in
Effective SUSY scenarios. For the latter, two-loop contributions are given only for the gauge
couplings, Standard Model-like Yukawa couplings, and fermion and scalar mass parameters.
The full expressions, including complex phases for Yukawa couplings and fermion masses, as
well as off-diagonal flavor contributions, can be found online in the arXiv source material.
3.1 Split SUSY
This section presents the beta functions for the couplings in the Lagrangian of eq. (2.1).
3.1.1 Gauge couplings
βg1 =
9
32pi2
g31 +
1
(16pi2)2
{104
25
g51 +
18
5
g1
3g2
2 +
44
5
g1
3g3
2 − 9
40
g1
3(g2H2 + g
2
H∗2
)
− 3
40
g1
3(g2H1 + g
2
H∗1
)− g31
(1
2
Tr y†dyd +
3
2
Tr y†l yl +
17
10
Tr y†uyu
)}
,
βg2 =−
7
96pi2
g32 +
1
(16pi2)2
{6
5
g1
2g2
3 +
106g2
5
3
+ 12g2
3g3
2 − 11
8
g2
3(g2H2 + g
2
H∗2
)
− 1
8
g2
3(g2H1 + g
2
H∗1
)− g32
(3
2
Tr y†dyd +
1
2
Tr y†l yl +
3
2
Tr y†uyu
)}
,
βg3 =−
5
16pi2
g33 +
1
(16pi2)2
{11
10
g21g
3
3 +
9
2
g22g
3
3 + 22g
5
3 − 2g33(Tr y†dyd + Tr y†uyu)
}
.
3.1.2 Yukawas
βyu =βyu
SM +
1
16pi2
(3
4
(g2H2 + g
2
H∗2
) +
1
4
(g2H1 + g
2
H∗1
)
)
yu
+
1
(16pi2)2
yu
{
(g2H2 + g
2
H∗2
)
(15
16
y†dyd−
27
16
y†uyu +
165
32
g22 +
9
32
g21
)
− 9
32
g2H2g
2
H1
− 3
16
g2H2g
2
H∗2
− 9
32
g2H∗2 g
2
H∗1
+ (g2H1 + g
2
H∗1
)
( 5
16
y†dyd−
9
16
y†uyu +
15
32
g22 +
3
32
g21
)
− 5
16
g2H1g
2
H∗1
+
40
3
g43
+
3
2
g42 +
29
150
g41 −
45
64
(g4H2 + g
4
H∗2
)− 9
64
(g4H1 + g
4
H∗1
)− 3
4
gH2gH∗2 gH1gH∗1
}
,
11
βyd =βyd
SM +
1
16pi2
(3
4
(g2H2 + g
2
H∗2
) +
1
4
(g2H1 + g
2
H∗1
)
)
yd
+
1
(16pi2)2
yd
{
(g2H2 + g
2
H∗2
)
(15
16
y†uyu−
27
16
y†dyd +
165
32
g22 +
9
32
g21
)
− 9
32
g2H2g
2
H1
− 3
16
g2H2g
2
H∗2
− 9
32
g2H∗2 g
2
H∗1
+ (g2H1 + g
2
H∗1
)
( 5
16
y†uyu−
9
16
y†dyd +
15
32
g22 +
3
32
g21
)
− 5
16
g2H1g
2
H∗1
+
40
3
g43
+
3
2
g42 −
1
150
g41 −
45
64
(g4H2 + g
4
H∗2
)− 9
64
(g4H1 + g
4
H∗1
)− 3
4
gH2gH∗2 gH1gH∗1
}
,
βyl =βyl
SM +
1
16pi2
(3
4
(g2H2 + g
2
H∗2
) +
1
4
(g2H1 + g
2
H∗1
)
)
yl
+
1
(16pi2)2
yl
{
(g2H2 + g
2
H∗2
)
(
− 27
16
y†l yl +
165
32
g22 +
9
32
g21
)
− 9
32
g2H2g
2
H1
− 3
16
g2H2g
2
H∗2
− 9
32
g2H∗2 g
2
H∗1
+ (g2H1 + g
2
H∗1
)
(
− 9
16
y†l yl +
15
32
g22 +
3
32
g21
)
− 5
16
g2H1g
2
H∗1
+
3
2
g42 +
33
50
g41
− 45
64
(g4H2 + g
4
H∗2
)− 9
64
(g4H1 + g
4
H∗1
)− 3
4
gH2gH∗2 gH1gH∗1
}
,
βgH2 =
1
16pi2
{11g3H2
8
+
1
2
gH1gH∗1 gH∗2 + gH2
(
− 9g
2
1
20
− 33g
2
2
4
+
3g2H1
8
+
g2H∗1
4
+
g2H∗2
2
+ Tr[3y†dyd + 3y
†
uyu + y
†
l yl]
)}
+
1
(16pi2)2
{
gH2
(
3λ2
2
+
117g41
200
+
9
20
g21g
2
2 −
409g42
12
−1
2
λg2H1 +
63
320
g21g
2
H1
+
111
64
g22g
2
H1
− 5g
4
H1
64
+
3
32
g21g
2
H∗1
+
15
32
g22g
2
H∗1
− 3
8
g2H1g
2
H∗1
− 9g
4
H∗1
64
−1
2
λg2H∗2 +
3
40
g21g
2
H∗2
+
17
8
g22g
2
H∗2
− 31
64
g2H1g
2
H∗2
− 13
64
g2H∗1 g
2
H∗2
− 11g
4
H∗2
32
+
(
5g21
8
+
45g22
8
+ 20g23 −
9g2H1
16
+
3g2H∗2
8
)
Tr[y†dyd] +
(
15g21
8
+
15g22
8
− 3g
2
H1
16
+
g2H∗2
8
)
Tr[y†l yl] +
(
17g21
8
+
45g22
8
+ 20g23 −
9g2H1
16
+
3g2H∗2
8
)
Tr[y†uyu]−
27
4
Tr[y†dydy
†
dyd]
+
3
2
Tr[y†dydy
†
uyu]−
9
4
Tr[y†l yly
†
l yl]−
27
4
Tr[y†uyuy
†
uyu]
)
− 5
2
λg3H2 +
87
64
g21g
3
H2
+
875
64
g22g
3
H2
− 59
64
g2H1g
3
H2
− 15
64
g2H∗1 g
3
H2
− 7g
5
H2
8
− 1
2
λgH1gH∗1 gH∗2 +
3
40
g21gH1gH∗1 gH∗2 +
9
8
g22gH1gH∗1 gH∗2
− 3
8
g3H1gH∗1 gH∗2 −
5
16
gH1g
3
H∗1
gH∗2 − gH1gH∗1 g2H2gH∗2 −
27
32
g3H2g
2
H∗2
− 9
16
gH1gH∗1 g
3
H∗2
− 45
16
g3H2
(
Tr[y†dyd] +
1
3
Tr[y†l yl] + Tr[y
†
uyu]
)
− 3
2
gH1gH∗1 gH∗2
(
Tr[y†dyd] +
1
3
Tr[y†l yl]
+Tr[y†uyu]
)
,
12
βgH1 =
1
16pi2
{3gH∗1 gH2gH∗2
2
+ gH1
(
−9g
2
1
20
− 9g
2
2
4
+
5g2H1
8
+ g2H∗1 +
9g2H2
8
+
3g2H∗2
4
+Tr[3y†dyd + y
†
l yl + 3y
†
uyu]
)}
+
1
(16pi2)2
{
gH1
(
3λ2
2
+
117g41
200
− 27
20
g21g
2
2−
17g42
4
− 3
2
λg2H∗1
+
3
80
g21g
2
H∗1
+
39
16
g22g
2
H∗1
− 9g
4
H∗1
16
− 3
2
λg2H2 +
189
320
g21g
2
H2
+
549
64
g22g
2
H2
− 75
64
g2H∗1 g
2
H2
− 99g
4
H2
64
+
9
32
g21g
2
H∗2
+
165
32
g22g
2
H∗2
− 75
64
g2H∗1 g
2
H∗2
− 21
32
g2H2g
2
H∗2
− 45g
4
H∗2
64
+
(
5g21
8
+
45g22
8
+ 20g23
−21g
2
H∗1
8
− 27g
2
H2
16
)
Tr[y†dyd] +
(
15g21
8
+
15g22
8
− 7g
2
H∗1
8
− 9g
2
H2
16
)
Tr[y†l yl] +
(
17g21
8
+
45g22
8
+ 20g23 −
21g2H∗1
8
− 27g
2
H2
16
)
Tr[y†uyu]−
27
4
Tr[y†dydy
†
dyd] +
3
2
Tr[y†dydy
†
uyu]
−9
4
Tr[y†l yly
†
l yl]−
27
4
Tr[y†uyuy
†
uyu]
)
− 3g
5
H1
16
+ gH∗1 gH2gH∗2
(
−3
2
λ+
9
40
g21 +
51
8
g22
−3
2
g2H1
)
− 9
16
g3H∗1 gH2gH
∗
2
− 9
8
gH∗1 g
3
H2
gH∗2 −
33
16
gH∗1 gH2g
3
H∗2
− 9
2
gH∗1 gH2gH∗2
(
Tr[y†dyd]
+
1
3
Tr[y†l yl] + Tr[y
†
uyu]
)
+ g3H1
(
−3λ
2
+
309g21
320
+
165g22
64
− 15g
2
H∗1
16
− 9g
2
H2
64
− 27g
2
H∗2
64
−27
16
(
Tr[y†dyd] +
1
3
Tr[y†l yl] + Tr[y
†
uyu]
))
.
In the above equations, βSMyt , β
SM
yb
and βSMyτ denote the Standard Model beta functions, which
are given for example in ref. [17] and reproduced next,
βSMyu =
1
16pi2
yu
{
−17
20
g21 −
9
4
g22 − 8g23 + Y2 +
3
2
(y†uyu − y†dyd)
}
+
1
(16pi2)2
yu
{
1187
600
g41−
9
20
g21g
2
2
+
19
15
g21g
2
3 −
23
4
g42 + 9g
2
2g
2
3 − 108g43 +
(
5y†dyd
4
− 9y
†
uyu
4
)
Y2−
(
16g3
2 − 9g2
2
16
+
43g1
2
80
)
y†dyd +
(
16g3
2 +
135g2
2
16
+
223g1
2
80
)
y†uyu +
3λ2
2
− 6λy†uyu − χ4 +
5Y4
2
−1
4
y†dydy
†
uyu − y†uyuy†dyd +
11
4
y†dydy
†
dyd +
3
2
y†uyuy
†
uyu
}
,
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βSMyd =
1
16pi2
yd
{
−1
4
g21 −
9
4
g22 − 8g23 + Y2 +
3
2
(y†dyd − y†uyu)
}
+
1
(16pi2)2
yd
{
−127
600
g41
− 27
20
g21g
2
2 +
31
15
g21g
2
3−
23
4
g42 + 9g
2
2g
2
3− 108g43 +
(
5y†uyu
4
− 9y
†
dyd
4
)
Y2 +
(
16g3
2 +
135g2
2
16
+
187g1
2
80
)
y†dyd−
(
16g3
2− 9g2
2
16
+
79g1
2
80
)
y†uyu+
3λ2
2
− 6λy†dyd − y†dydy†uyu
+
3
2
y†dydy
†
dyd − χ4 +
5Y4
2
− 1
4
y†uyuy
†
dyd +
11
4
y†uyuy
†
uyu
}
,
βSMyl =
1
16pi2
yl
{
−9
4
(g21 +g
2
2) + Y2+
3
2
y†l yl
}
+
1
(16pi2)2
yl
{
1371
200
g41 +
27
20
g21g
2
2 −
23
4
g42 −
9
4
y†l ylY2
+
(
135g22
16
+
387g21
80
)
y†l yl +
3λ2
2
− 6λy†l yl +
3
2
y†l yly
†
l yl − χ4 +
5Y4
2
}
,
where
Y2 =Tr[3y
†
uyu + y
†
l yl + 3y
†
dyd],
χ4 =
9
4
Tr
[
3(y†uyu)
2 + 3(y†dyd)
2 + (y†l yl)
2 − 1
3
{
y†uyu, y
†
dyd
}]
,
Y4 =
(
17
20
g21 +
9
4
g22 + 8g
2
3
)
Tr(y†uyu) +
(
1
4
g21 +
9
4
g22 + 8g
2
3
)
Tr(y†dyd) +
3
4
(
g21 + g
2
2
)
Tr(y†l yl).
The beta functions for gH∗2 and gH∗1 are obtained from those of gH2 and gH1 by making the
substitutions
gH2 ↔ gH∗2 , gH1 ↔ gH∗1 .
3.1.3 Quartic coupling
βλ =
1
16pi2
{
12λ2 − 9λg
2
1
5
+
27g41
100
− 9λg22 +
9
10
g21g
2
2 +
9g42
4
+ λg2H1 −
g4H1
4
+ λg2H∗1 −
1
2
g2H1g
2
H∗1
− g
4
H∗1
4
+ 3λg2H2−
1
2
g2H1g
2
H2
− 5g
4
H2
4
−gH1gH∗1 gH2gH∗2 + 3λg2H∗2 −
1
2
g2H∗1 g
2
H∗2
− 1
2
g2H2g
2
H∗2
− 5g
4
H∗2
4
+12λTr
[
y†dyd +
y†l yl
3
+ y†uyu
]
− 12Tr[y†dydy†dyd]− 4Tr[y†l yly†l yl]− 12Tr[y†uyuy†uyu]
}
+
1
(16pi2)2
{
−78λ3 + 54
5
λ2g21 +
2007λg41
200
− 3699g
6
1
1000
+ 54λ2g22 +
117
20
λg21g
2
2 −
1773
200
g41g
2
2
+
47λg42
8
− 77
8
g21g
4
2 +
209g62
8
− 6λ2(g2H1 + g2H∗1 ) +
3
8
λg21(g
2
H1
+ g2H∗1 )−
9
200
g41(g
2
H1
+ g2H∗1 )
14
+
15
8
λg22(g
2
H1
+ g2H∗1 )−
3
20
g21g
2
2(g
2
H1
+ g2H∗1 )−
3
8
g42(g
2
H1
+ g2H∗1 )−
1
16
λ(g4H1 + g
4
H∗1
)
+
5
16
(g6H1 + g
6
Hc1
) +
3
4
λg2H1g
2
H∗1
+
17
16
(g4H1g
2
H∗1
+ g2H1g
4
H∗1
)− 18λ2(g2H2 + g2H∗2 )
+
9
8
λg21(g
2
H2
+ g2H∗2 )−
27
200
g41(g
2
H2
+ g2H∗2 ) +
165
8
λg22(g
2
H2
+ g2H∗2 ) +
63
20
g21g
2
2(g
2
H2
+ g2Hc2)
− 153
8
g42(g
2
H2
+ g2Hc2)−
1
8
λ(g2H1g
2
H2
+ g2H∗1 g
2
H∗2
)− g22(g2H1g2H2 + g2H∗1 g
2
H∗2
)
+
17
16
(g4H1g
2
H2
+ g4H∗1 g
2
H∗2
) +
19
16
g2H1g
2
H∗1
(g2H2 + g
2
H∗2
)− 5
16
λ(g4H2 + g
4
H∗2
)− 5g22(g4H2 + g4H∗2 )
+
11
16
(g2H1g
4
H2
+ g2H∗1 g
4
H∗2
) +
47
16
(g6H2 + g
6
H∗2
) + 5λgH1gH∗1 gH2gH∗2 − 2g22gH1gH∗1 gH2gH∗2
+
21
8
gH2gH∗2 (g
3
H1
gH∗1 + gH1g
3
H∗1
) +
19
8
gH1gH∗1 (g
3
H2
gH∗2 + gH2g
3
H∗2
)− g2H2g2H∗2
(
11
4
λ+ 2g22
)
+
21
16
g2H2g
2
H∗2
(g2H1 + g
2
H∗1
) +
7
16
(g4H2g
2
H∗2
+ g2H2g
4
H∗2
)
+
(
−72λ2 + 5λg
2
1
2
+
9g41
10
+
45λg22
2
+
27
5
g21g
2
2 −
9g42
2
+ 80λg23
)
Tr[y†dyd]
+
(
−24λ2 + 15λg
2
1
2
− 9g
4
1
2
+
15λg22
2
+
33
5
g21g
2
2 −
3g42
2
)
Tr[y†l yl]
+
(
−72λ2 + 17λg
2
1
2
− 171g
4
1
50
+
45λg22
2
+
63
5
g21g
2
2 −
9g42
2
+ 80λg23
)
Tr[y†uyu]
+
(
−3λ+ 8g
2
1
5
− 64g23
)
Tr[y†dydy
†
dyd] +
(
−λ− 24g
2
1
5
)
Tr[y†l yly
†
l yl]− 42λTr[y†uyuy†dyd]
+
(
−3λ− 16g
2
1
5
− 64g23
)
Tr[y†uyuy
†
uyu] + 60Tr[y
†
dydy
†
dydy
†
dyd]− 12Tr[y†dydy†dydy†uyu]
−12Tr[y†dydy†uyuy†uyu] + 20Tr[y†l yly†l yly†l yl] + 60Tr[y†uyuy†uyuy†uyu]
}
.
3.1.4 Fermion masses
βµ =
1
16pi2
{
µ
(
−9g
2
1
10
− 9g
2
2
2
+
1
8
(g2H1 + g
2
H∗1
) +
3
8
(g2H2 + g
2
H∗2
)
)
− 1
2
gH1gH∗1M1 −
3
2
gH2gH∗2M2
}
+
1
(16pi2)2
{
µ
(
g2H1
(
−g
2
H∗1
2
− 9g
2
H∗2
32
− 9g
2
H2
32
+
33g21
320
+
33g22
64
)
+
(
−9g
2
H∗2
32
− 9g
2
H2
32
+
33g21
320
+
33g22
64
)
g2H∗1 + g
2
H2
(
−45g
2
H∗2
16
+
99g21
320
+
363g22
64
)
+
(
99g21
320
+
363g22
64
)
g2H∗2
15
+
3
4
gH1gH2gH∗1 gH∗2 −
g4H∗1
16
− 15g
4
H∗2
32
− g
4
H1
16
− 15g
4
H2
32
+
1359g41
400
− 27
40
g22g
2
1 −
421g42
16
)
+M1
(
1
4
g3H1gH∗1 + gH1
(
g3H∗1
4
+
(
− 9
20
g21 −
9g22
4
)
gH∗1
))
+M2
(
3
4
g3H2gH∗2
+gH2
(
3g3H∗2
4
+
(
−27
20
g21 −
87g22
4
)
gH∗2
))}
,
βM1 =
1
16pi2
{
−2µgH1gH∗1 +
1
2
M1(g
2
H1
+ g2H∗1 )
}
+
1
(16pi2)2
{
µ
(
1
4
g3H1gH∗1 + gH1
(
g3H∗1
4
+
(
3g2H∗2
4
+
3g2H2
4
− 12
5
g21 − 12g22
)
gH∗1
))
+M1
(
g2H1
(
−7g
2
H∗1
8
− 9g
2
H∗2
16
− 21g
2
H2
32
+
51g21
80
+
51g22
16
)
+
g4H∗1
32
+
(
−21g
2
H∗2
32
− 9g
2
H2
16
+
51g21
80
+
51g22
16
)
g2H∗1 +
g4H1
32
)
+M2
(
−3
2
gH1gH2gH∗1 gH∗2 +
3
4
g2H∗1 g
2
H∗2
+
3
4
g2H1g
2
H2
)
− 9
4
(
g2H1 + g
2
H∗1
)
M1Tr
[
y†dyd
+
y†l yl
3
+ y†uyd
]}
,
βM2 =
1
16pi2
{(
−12g22 +
g2H2
2
+
g2H∗2
2
)
M2 − 2µgH2gH∗2
}
+
1
(16pi2)2
{
µ
(
3
4
g3H2gH∗2 + gH2
(
3g3H∗2
4
+
(
−12
5
g21 − 24g22
)
gH∗2
)
+
1
4
g2H1gH2gH∗2 +
1
4
gH2g
2
H∗1
gH∗2
)
+M1
(
−1
2
gH1gH2gH∗1 gH∗2
+
1
4
g2H∗1 g
2
H∗2
+
1
4
g2H1g
2
H2
)
+M2
(
g2H1
(
−3g
2
H∗2
16
− 7
32
g2H2
)
+
(
−7g
2
H∗2
32
− 3
16
g2H2
)
g2H∗1
+g2H2
(
−21g
2
H∗2
8
+
51g21
80
+
91g22
16
)
+
(
51g21
80
+
91g22
16
)
g2H∗2 −
29g4H∗2
32
− 29g
4
H2
32
− 233
3
g42
)
−9
4
(
g2H2 + g
2
H∗2
)
M2Tr
[
y†dyd +
y†l yl
3
+ y†uyu
]}
,
βM3 =−
18g23M3
16pi2
− 228
(16pi2)2
g43M3.
16
3.1.5 Scalar masses
βm2 =
1
16pi2
{
m2H
(
6λ− 9g
2
1
10
− 9g
2
2
2
+
1
2
(g2H1 + g
2
H∗1
) +
3
2
(g2H2 + g
2
H∗2
) + 2Tr[3y†dyd + y
†
l yl
+3y†uyu]
)− µ2 (g2H1 + g2H∗1 + 3(g2H2 + g2H∗2 ))− (g2H1 + g2H∗1)M21 − 3(g2H2 + g2H∗2)M22
+µ
(
2gH1gH∗1M1 + 6gH2gH∗2M2
)}
+
1
(16pi2)2
{
µ2
(
−54g
4
1
25
− 18g42 −
3
10
g21(g
2
H1
+ g2H∗1 )
− 3
2
g22(g
2
H1
+ g2H∗1 ) + g
4
H1
+ g4H∗1 +
21
4
g2H1g
2
H∗1
− 9
10
g21(g
2
H2
+ g2H∗2 )−
21
2
g22(g
2
H2
+ g2H∗2 )
+
3
2
(g2H1g
2
H2
+ g2H∗1 g
2
H∗2
) +
3
4
(g2H∗1 g
2
H2
+ g2H1g
2
H∗2
) +
9
2
(g4H2 + g
4
H∗2
) + 9gH1gH∗1 gH2gH∗2
+
33
4
g2H2g
2
H∗2
)
+M21
(
11
8
(g4H1 + g
4
H∗1
) + 3g2H1g
2
H∗1
+
9
8
(g2H1g
2
H2
+ g2H∗1 g
2
H∗2
)
+3gH1gH∗1 gH2gH∗2
)
+M1M2
(
3
2
(g2H1g
2
H2
+ g2H∗1 g
2
H∗2
) + 3gH1gH∗1 gH2gH∗2
)
+M22
(−36g42
−18g22(g2H2+ g2H∗2 )+
9
8
(g2H1g
2
H2
+ g2H∗1 g
2
H∗2
)+
39
8
(g4H2+ g
4
H∗2
)+3gH1gH∗1 gH2gH∗2 +6g
2
H2
g2H∗2
)
+ µ
((
−6λgH1gH∗1 +
3
10
g21gH1gH∗1 +
3
2
g22gH1gH∗1−
19
4
(g3H1gH∗1 + gH1g
3
H∗1
)− 9
4
gH1gH∗1 (g
2
H2
+g2H∗2 )− 3g
2
H1
gH2gH∗2 − 3g2H∗1 gH2gH∗2
)
M1 +M2
(
−3gH1gH∗1 (g2H2 + g2H∗2 )− 18λgH2gH∗2
+
9
10
g21gH2gH∗2 +
57
2
g22gH2gH∗2 −
9
4
gH2gH∗2 (g
2
H1
+ g2H∗1 )−
51
4
(g3H2gH∗2 + gH2g
3
H∗2
)
))
+m2H
(
−15λ2 + 36λg
2
1
5
+
1791g41
400
+ 36λg22 +
9
8
g21g
2
2 −
25g42
16
− 3λ(g2H1 + g2H∗1 )
+
3
16
g21(g
2
H1
+ g2H∗1 ) +
15
16
g22(g
2
H1
+ g2H∗1 )−
9
32
(g4H1 + g
4
H∗1
)− 3
8
g2H1g
2
H∗1
− 9λ(g2H2 + g2H∗2 )
+
9
16
g21(g
2
H2
+ g2H∗2 ) +
165
16
g22(g
2
H2
+ g2H∗2 )−
9
16
(g2H1g
2
H2
+ g2H∗1 g
2
H∗2
)− 45
32
(g4H2 + g
4
H∗2
)
− 9
8
g2H2g
2
H∗2
+
(
5g21
4
+
45g22
4
+ 40g23 − 36λ
)
Tr[y†dyd] +
(
15g21
4
+
15g22
4
− 12λ
)
Tr[y†l yl]
+
(
−36λ+ 17g
2
1
4
+
45g22
4
+ 40g23
)
Tr[y†uyu]−
27
2
Tr[y†dydy
†
dyd]−
9
2
Tr[y†l yly
†
l yl]
−9Tr[y†uyuy†dyd]−
27
2
Tr[y†uyuy
†
uyu]
)}
.
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3.1.6 Higgs anomalous dimension
The anomalous dimension is gauge dependent; the standard gauge parameter is denoted by
ξ, so that ξ = 0 corresponds to the Landau gauge.
γH =
1
16pi2
{
3y2b +
g2H∗1
4
+
3g2H∗2
4
+
g2H1
4
+
3g2H2
4
+ g21
(
3ξ
20
− 9
20
)
+ g22
(
3ξ
4
− 9
4
)
+ 3y2t + y
2
τ
}
+
1
(16pi2)2
{
g21
(
5y2b
8
+
3g2H∗1
32
+
9g2H∗2
32
+
3g2H1
32
+
9g2H2
32
+
27g22
80
+
17y2t
8
+
15y2τ
8
)
+ g22
(
45y2b
8
+
15g2H∗1
32
+
165g2H∗2
32
+
15g2H1
32
+
165g2H2
32
+
45y2t
8
+
15y2τ
8
)
+ g23
(
20y2b + 20y
2
t
)
+
3
2
y2by
2
t
− 27y
4
b
4
+ g2H1
(
−5g
2
H∗1
16
− 9g
2
H2
32
)
− 9
32
g2H∗1 g
2
H∗2
− 3
16
g2H2g
2
H∗2
− 3
4
gH1gH2gH∗1 gH∗2 −
9g4H∗1
64
−45g
4
H∗2
64
− 9g
4
H1
64
− 45g
4
H2
64
+ g42
(
3ξ2
8
+ 3ξ − 151
32
)
+
1413g41
800
+
3λ2
2
− 27y
4
t
4
− 9y
4
τ
4
}
.
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3.2 Minimal Effective SUSY
This section deals with the beta functions of the independent couplings (eq. (2.4)) of the La-
grangian of eq. (2.2). For simplicity, phases and the flavor-mixing couplings yu/d/lij, gQ/U/Di,k ,
zq/u/di i, j 6= 3 have been taken to zero in most cases. Also, the more compact notation of
eq. (2.5) is employed for the beta functions other than those of the gauge couplings. Some
beta functions are given in comparison with those of the Split Susy scenario, which are de-
noted with the superscript “SS”. 2 loop contributions are only given for the gauge couplings,
Standard Model-like Yukawas and the fermion and scalar soft mass parameters. The full
formulae are available online.
3.2.1 Gauge couplings
βg1 =
3
10pi2
g31 −
1
(16pi2)2
{
− 251g
5
1
50
− 39
10
g31g
2
2 −
68
5
g31g
2
3 +
3
40
g31(g¯
2
1 + g¯
2
2) +
9
40
g31(g¯
2
3 + g¯
2
4)
+ g31
(
Tr
[
1
2
y†dyd +
3
2
y†l yl +
17
10
y†uyu
]
+
3∑
i=1
(
2
15
(gQi,3)
2+
3
40
(gQi,2)
2+
1
360
(gQi,1)
2
+
16
15
(gUi,3)
2 +
16
45
(gUi,1)
2 +
13
10
z2d,i + z
2
q,i +
5
2
z2u,i
))}
,
βg2 =−
1
24pi2
g32−
1
(16pi2)2
{
− 13
10
g21g
3
2 −
251g52
6
− 20g32g23 +
1
8
g32(g¯
2
1 + g¯
2
2) +
11
8
g32(g¯
2
3 + g¯
2
4)
+ g32
(
Tr
[
3
2
(y†uyu + y
†
dyd) +
1
2
y†l yl
]
+
3∑
i=1
(
2(gQi,3)
2 +
33
8
(gQi,2)
2 +
1
24
(gQi,1)
2 +
3
2
z2d,i
+3z2q,i +
3
2
z2u,i
))}
,
βg3 =−
9
32pi2
g33−
1
(16pi2)2
{
− 17
10
g21g
3
3−
15
2
g22g
3
3−33g53 + g33 (2Tr [y†dyd + y†uyu] +
3∑
i=1
(
13
3
(gQi,3)
2
+
3
4
(gQi,2)
2 +
1
36
(gQi,1)
2 +
13
6
(gUi,3)
2 +
2
9
(gUi,1)
2 + z2d,i + z
2
q,i + z
2
u,i
))}
.
3.2.2 Yukawas
βyt =β
SS
yt |λ=0 +
1
16pi2
{
zu
(
1
6
g¯1g¯5 − 3
2
g¯3g¯6
)
− 2
3
zqg¯1g¯8 + yt
(
z2q
2
+ z2u +
g¯25
72
+
3g¯26
8
+
2g¯27
3
+
2g¯28
9
+
2g¯29
3
)}
+
1
(16pi2)2
{
ybzdzu
(
1
2
g¯1g¯2 − 3
2
g¯3g¯4
)
+ z2qzu
(
−1
4
g¯1g¯5 +
9
4
g¯3g¯6
)
19
+ z3u
(
−1
4
g¯1g¯5 +
9
4
g¯3g¯6
)
+ z3q g¯1g¯8 + y
2
τ
(
zu
(
−1
6
g¯1g¯5 +
3
2
g¯3g¯6
)
+
2
3
zqg¯1g¯8
)
+ y2b
(
zu
(
9
2
g¯3g¯6 − 1
2
g¯1g¯5
)
+ 2zqg¯1g¯8
)
+ y2t (zu (9g¯3g¯6 − g¯1g¯5) + 4zqg¯1g¯8) + zq
(
z2ug¯1g¯8
+
5
12
g¯31 g¯8 +
1
2
g¯2g¯3g¯4g¯8 + g¯1
((
−7g
2
1
15
+ g22 −
16g23
3
− 2γˆ3
9
)
g¯8 +
1
2
g¯22 g¯8 +
3
4
g¯23 g¯8 +
1
2
g¯24 g¯8
+
1
18
g¯25 g¯8 +
4g¯38
9
))
+ zu
(
− 5
48
g¯31 g¯5 −
1
8
g¯2g¯3g¯4g¯5 +
9
16
g¯21 g¯3g¯6 +
3
8
g¯22 g¯3g¯6 +
33
16
g¯33 g¯6
+ g¯3
((
3g21
40
− 69g
2
2
8
− 12g23 +
γˆ2
8
+
3γˆ7
8
)
g¯6 +
9
8
g¯24 g¯6 +
9g¯36
8
)
+ g¯1
(
−1
8
g¯22 g¯5 −
3
16
g¯23 g¯5
−1
8
g¯24 g¯5 −
g¯35
72
+
3
8
g¯2g¯4g¯6 + g¯5
(
− g
2
1
120
+
g22
8
+
4g23
3
− γˆ2
72
+
γˆ7
8
− g¯
2
8
9
)))
+ y3t
(
−5z
2
q
2
−19z
2
u
4
− 3γˆ1
2
− 5g¯
2
5
72
− 15g¯
2
6
8
− 10g¯
2
7
3
− 19g¯
2
8
18
− 19g¯
2
9
6
)
+ yt
(
2g41
5
+
3g42
2
+
22g43
3
− 15z
4
q
8
− 9z
4
u
4
+
3γˆ21
32
+
γˆ22
48
+
γˆ23
6
+
9γˆ27
16
− g¯
4
5
864
− 1
4
g¯2g¯4g¯5g¯6 − 57
64
g¯23 g¯
2
6 −
81
64
g¯24 g¯
2
6 −
9g¯46
16
+ ybzd
(
1
3
g¯2g¯5 + 3g¯4g¯6
)
− 3g¯
4
7
2
+ z2u
(
51g22
8
− 31g
2
1
120
+
22g23
3
− γˆ2
3
− 5g¯
2
1
8
− 15g¯
2
3
8
− 11g¯
2
5
48
−99g¯
2
6
16
− 3g¯27
)
+ y2b
(
−11z
2
d
4
− 5z
2
q
4
− 5g¯
2
5
144
− 15g¯
2
6
16
− 5g¯
2
7
3
)
+ g¯26
(
11g21
320
+
75g22
64
+
11g23
4
− γˆ2
8
− 3γˆ7
8
− 3g¯
2
7
2
)
+ z2d
(
−3z
2
u
2
− 9g¯
2
2
16
− 27g¯
2
4
16
− g¯
2
5
48
− 9g¯
2
6
16
− g¯27
)
+
4
3
zqzug¯5g¯8 − 2g¯
4
8
9
+ g¯21
(
−19g¯
2
5
576
− 5g¯
2
8
18
)
+ g¯22
(
−11g¯
2
5
576
− g¯
2
8
18
)
+ g¯25
(
11g21
8640
+
11g22
192
+
11g23
108
− γˆ2
216
+
γˆ7
24
− g¯
2
6
32
− g¯
2
7
18
+
7g¯28
648
)
+
16
27
g¯5g¯7g¯8g¯9 +
(
44g21
45
+
143g23
9
+
8γˆ3
9
)
g¯29 −
17g¯49
12
+ z2q
(
−g
2
1
15
− 3g
2
2
2
+
11g23
3
+
7z2u
8
+
2γˆ3
3
− 19g¯
2
1
32
− 57g¯
2
3
32
− 11g¯
2
8
3
− 3g¯29
)
+ g¯28
(
44g21
135
+
44g23
27
+
8γˆ3
27
− 8g¯
2
9
9
)
+g¯27
(
11g21
180
+
11g22
4
+
143g23
9
− 2γˆ2
9
+ 2γˆ7 − 25g¯
2
9
36
))}
,
βyb =β
SS
yb
|λ=0 + 1
16pi2
{
zd
(
−1
6
g¯2g¯5 − 3
2
g¯4g¯6
)
+ yb
(
z2d +
z2q
2
+
g¯25
72
+
3g¯26
8
+
2g¯27
3
)}
+
1
(16pi2)2
{
ytzdzu
(
1
2
g¯1g¯2 − 3
2
g¯3g¯4
)
+ y2τzd
(
1
6
g¯2g¯5 +
3
2
g¯4g¯6
)
+ z3d
(
1
4
g¯2g¯5 +
9
4
g¯4g¯6
)
+ y2t zd
(
1
2
g¯2g¯5+
9
2
g¯4g¯6
)
+y2bzd (g¯2g¯5+9g¯4g¯6) + y
3
b
(
−19z
2
d
4
− 5z
2
q
2
− 3γˆ1
2
− 5g¯
2
5
72
− 15g¯
2
6
8
20
−10g¯
2
7
3
)
+ zd
(
5
48
g¯32 g¯5 +
9
16
g¯22 g¯4g¯6 +
9
8
g¯23 g¯4g¯6 +
33
16
g¯34 g¯6 + g¯1
(
1
8
g¯3g¯4g¯5 +
3
8
g¯2g¯3g¯6
)
+ g¯21
(
1
8
g¯2g¯5 +
3
8
g¯4g¯6
)
+ g¯4
((
21g21
40
− 69g
2
2
8
− 12g23 +
γˆ2
8
− 3γˆ7
8
)
g¯6 +
9g¯36
8
)
+ g¯2
(
1
8
g¯23 g¯5 +
3
16
g¯24 g¯5 +
g¯35
72
+ g¯5
(
7g21
120
− g
2
2
8
− 4g
2
3
3
+
γˆ2
72
+
γˆ7
8
+
g¯28
9
)))
+ yb
(
7g41
100
+
3g42
2
+
22g43
3
− 9z
4
d
4
− 15z
4
q
8
+
3γˆ21
32
+
γˆ22
48
+
γˆ23
6
+
9γˆ27
16
− g¯
4
5
864
+
1
4
g¯1g¯3g¯5g¯6 − 81
64
g¯23 g¯
2
6
− 57
64
g¯24 g¯
2
6 −
9g¯46
16
− 3g¯
4
7
2
+ z2d
(
−91g
2
1
120
+
51g22
8
+
22g23
3
− 3z
2
u
2
− γˆ2
3
− 5g¯
2
2
8
− 15g¯
2
4
8
− 11g¯
2
5
48
−99g¯
2
6
16
− 3g¯27
)
+ g¯26
(
11g21
320
+
75g22
64
+
11g23
4
− γˆ2
8
+
3γˆ7
8
− 3g¯
2
7
2
)
+ z2u
(
−9g¯
2
1
16
− 27g¯
2
3
16
− g¯
2
5
48
− 9g¯
2
6
16
− g¯27
)
+ yt
(
zu
(
−1
3
g¯1g¯5 + 3g¯3g¯6
)
+
4
3
zqg¯1g¯8
)
+ g¯22
(
−19g¯
2
5
576
− g¯
2
8
4
)
+ g¯21
(
−11g¯
2
5
576
− g¯
2
8
4
)
+ g¯25
(
11g21
8640
+
11g22
192
+
11g23
108
− γˆ2
216
− γˆ7
24
− g¯
2
6
32
− g¯
2
7
18
− g¯
2
8
216
)
+ y2t
(
−5z
2
q
4
− 11z
2
u
4
− 5g¯
2
5
144
− 15g¯
2
6
16
− 5g¯
2
7
3
− 11g¯
2
8
18
− 11g¯
2
9
6
)
+ z2q
(
26g21
15
− 3g
2
2
2
+
11g23
3
−3z
2
u
8
+
2γˆ3
3
− 35g¯
2
1
32
− 9g¯
2
3
32
− g¯
2
8
3
− g¯29
)
+ g¯27
(
11g21
180
+
11g22
4
+
143g23
9
− 2γˆ2
9
− 2γˆ7
− g¯
2
9
12
))}
,
βyτ =β
SS
yτ |λ=0 +
1
(16pi2)2
{
−3
2
y3τ γˆ1 + yτ
(
117g41
100
+
3g42
2
+
3γˆ21
32
+
γˆ22
48
+
γˆ23
6
+
9γˆ27
16
+ z2q
(
−9g¯
2
1
16
−27g¯
2
3
16
)
− z2u
(
9g¯21
16
+
27g¯23
16
)
+ z2d
(
−9g¯
2
2
16
− 27g¯
2
4
16
)
− 27
32
g¯23 g¯
2
6 −
27
32
g¯24 g¯
2
6 + ybzd
(
1
2
g¯2g¯5
+
9
2
g¯4g¯6
)
−y2b
(
9z2d
2
+
9z2q
4
+
g¯25
16
+
27g¯26
16
+ 3g¯27
)
+ yt
(
zu
(
9
2
g¯3g¯6 − 1
2
g¯1g¯5
)
+ 2zqg¯1g¯8
)
−g¯21
(
g¯25
32
+
g¯28
4
)
−g¯22
(
g¯25
32
+
g¯28
4
)
− y2t
(
9z2q
4
+
9z2u
2
+
g¯25
16
+
27g¯26
16
+ 3g¯27 + g¯
2
8 + 3g¯
2
9
))}
,
βzq =
1
16pi2
{
4z3q−
2
3
ytg¯1g¯8− zu
(
2
9
g¯5g¯8 +
8
3
g¯7g¯9
)
+ zq
(
−g
2
1
2
− 9g
2
2
2
− 4g23 +
y2b
2
+
y2t
2
+
3z2u
2
+
g¯21
8
+
3g¯23
8
+
g¯25
72
+
3g¯26
8
+
2g¯27
3
+
4g¯28
9
+
4g¯29
3
)}
,
21
βzu =
1
16pi2
{
7z3u
2
+
1
6
ytg¯1g¯5− 3
2
ytg¯3g¯6 + zq
(
−2
9
g¯5g¯8 − 8
3
g¯7g¯9
)
+ zu
(
−5g
2
1
4
− 9g
2
2
4
− 4g23 + y2t
+z2d +
3z2q
2
+
g¯21
8
+
3g¯23
8
+
g¯25
36
+
3g¯26
4
+
4g¯27
3
+
2g¯28
9
+
2g¯29
3
)}
,
βzd =
1
16pi2
{
7z3d
2
+ yb
(
−1
6
g¯2g¯5 − 3
2
g¯4g¯6
)
+ zd
(
−13g
2
1
20
− 9g
2
2
4
− 4g23 + y2b + z2u +
g¯22
8
+
3g¯24
8
+
g¯25
36
+
3g¯26
4
+
4g¯27
3
)}
,
βg¯1 =β
SS
g¯1
|λ=0 + 1
16pi2
{
2ytzug¯5 − 8ytzqg¯8 + g¯1
(
3z2q
2
+
3z2u
2
+
g¯25
12
+
2g¯28
3
)}
,
βg¯2 =βg¯1|gHi↔gH∗i +
1
16pi2
{(
3z2d
2
− 3z
2
q
2
− 3z
2
u
2
)
g¯2 + (−2ybzd − 2ytzu) g¯5 + 8ytzqg¯8
}
,
βg¯3 =β
SS
g¯3
|λ=0 + 1
16pi2
{
−6ytzug¯6 + g¯3
(
3z2q
2
+
3z2u
2
+
3g¯26
4
)}
,
βg¯4 =βg¯3 |gHi↔gH∗i +
1
16pi2
{(
3z2d
2
− 3z
2
q
2
− 3z
2
u
2
)
g¯4 + (−6ybzd + 6ytzu) g¯6
}
,
βg¯5 =
1
16pi2
{
6ytzug¯1 − 6ybzdg¯2 + 1
4
g¯21 g¯5 +
1
4
g¯22 g¯5 +
g¯35
8
− 8zqzug¯8 + g¯5
(
y2b
2
− g
2
1
20
− 9g
2
2
4
− 4g23
+
y2t
2
+ z2d +
z2q
2
+ z2u +
9g¯26
8
+ 2g¯27 +
2g¯28
3
)}
,
βg¯6 =
1
16pi2
{
−2ytzug¯3 − 2ybzdg¯4 + 1
4
g¯23 g¯6 +
1
4
g¯24 g¯6 +
15g¯36
8
+ g¯6
(
y2t
2
− g
2
1
20
− 33g
2
2
4
− 4g23 +
y2b
2
+z2d +
z2q
2
+ z2u +
g¯25
24
+ 2g¯27
)}
,
βg¯7 =
1
16pi2
{
5g¯37
2
− 2zqzug¯9 + g¯7
(
−g
2
1
20
− 9g
2
2
4
− 13g23 +
y2b
2
+
y2t
2
+ z2d +
z2q
2
+ z2u +
g¯25
24
+
9g¯26
8
+
g¯29
4
)}
,
22
βg¯8 =
1
16pi2
{
−3ytzqg¯1 − zqzug¯5 + 1
4
g¯21 g¯8 +
1
12
g¯25 g¯8 +
4g¯38
3
+ g¯8
(
−4g
2
1
5
− 4g23 + y2t + 2z2q + z2u
+
g¯22
4
+ 2g¯29
)}
,
βg¯9 =
1
16pi2
{
−4zqzug¯7 + 1
2
g¯27 g¯9 +
(
−4g
2
1
5
− 13g23 + y2t + 2z2q + z2u +
2g¯28
3
)
g¯9 +
9g¯39
4
}
.
3.2.3 Quartic couplings
βγˆ1 =
1
16pi2
{
27g41
25
+ 9g42 − 48y4b − 48y4t − 16y4τ + g21
(
18g22
5
− 9γˆ1
5
)
− 9g22 γˆ1 + 12y2b γˆ1
+ 12y2t γˆ1 + 4y
2
τ γˆ1 + 3γˆ
2
1 +
γˆ22
3
+
8γˆ23
3
+ 3γˆ27 − g¯41 − g¯42 − 5g¯43 + g¯21
(
γˆ1 − 2g¯22 − 2g¯23
)
−4g¯1g¯2g¯3g¯4 + 3γˆ1g¯24 − 5g¯44 + g¯22
(
γˆ1 − 2g¯24
)
+ g¯23
(
3γˆ1 − 2g¯24
)}
,
βγˆ2 =
1
16pi2
{
9g41
25
+ 27g42 +
γˆ22
3
+
8γˆ3γˆ5
3
+ 9γˆ27 + z
2
u
(−6g¯21 − 18g¯23)+ z2d (−6g¯22 − 18g¯24)
− 1
3
g¯21 g¯
2
5 −
1
3
g¯22 g¯
2
5 − 9g¯23 g¯26 − 9g¯24 g¯26 + ytzu (−4g¯1g¯5 + 36g¯3g¯6) + ybzd (4g¯2g¯5 + 36g¯4g¯6)
+ y2b
(
−48z2d −
2g¯25
3
− 18g¯26 − 32g¯27
)
+ y2t
(
−48z2u −
2g¯25
3
− 18g¯26 − 32g¯27
)
+ γˆ2
(−g21
− 9g22 − 8g23 +6y2b + 6y2t + 2y2τ + 2z2d + 2z2u +
3γˆ1
2
+
7γˆ4
18
+
3γˆ8
2
+
g¯21
2
+
g¯22
2
+
3g¯23
2
+
3g¯24
2
+
g¯25
18
+
3g¯26
2
+
8g¯27
3
)}
,
βγˆ3 =
1
16pi2
{
−36g
4
1
25
+12y2bz
2
q −
4γˆ23
3
+
γˆ2γˆ5
3
+ z2q
(
3g¯21 + 9g¯
2
3
)− 8ytzqg¯1g¯8 + 4
3
g¯21 g¯
2
8 +
4
3
g¯22 g¯
2
8
+ γˆ3
(
−5g
2
1
2
− 9g
2
2
2
− 8g23 + 6y2b + 6y2t + 2y2τ + 4z2q +
3γˆ1
2
+
32γˆ6
9
+
g¯21
2
+
g¯22
2
+
3g¯23
2
+
3g¯24
2
+
8g¯28
9
+
8g¯29
3
)
+ y2t
(
12z2q +
16g¯28
3
+ 16g¯29
)}
,
23
βγˆ4 =
1
16pi2
{
3g41
25
+ 81g42 +
6
5
g21g
2
3 + 162g
2
2g
2
3 + 111g
4
3 − 72z4d − 72z4u + γˆ22 +
5γˆ24
9
+
8γˆ25
3
+ 27γˆ28 + 3γˆ
2
9 −
g¯45
9
− 27g¯46 −
2
3
g¯25 g¯
2
7 − 54g¯26 g¯27 − 46g¯47 + γˆ4
(
−g
2
1
5
− 9g22 − 16g23 + 4z2d
+4z2u + 3γˆ8 +
g¯25
9
+ 3g¯26 +
16g¯27
3
)}
,
βγˆ5 =
1
16pi2
{
−12g
4
1
25
− 24g43 + γˆ2γˆ3 −
4γˆ25
9
− 8γˆ29 + z2q
(
36z2u +
g¯25
3
+ 9g¯26 + 16g¯
2
7
)
+
4
9
g¯25 g¯
2
8
+ 8g¯27 g¯
2
9 + zqzu
(
−8
3
g¯5g¯8 − 32g¯7g¯9
)
+ γˆ5
(
−17g
2
1
10
− 9g
2
2
2
− 16g23 + 2z2d + 4z2q + 2z2u
+
7γˆ4
18
+
32γˆ6
9
+
3γˆ8
2
+
g¯25
18
+
3g¯26
2
+
8g¯27
3
+
8g¯28
9
+
8g¯29
3
)
+ z2u
(
16g¯28
3
+ 16g¯29
)}
,
βγˆ6 =
1
16pi2
{
48g41
25
+
24
5
g21g
2
3 +
39g43
4
− 18z4q + γˆ23 +
γˆ25
3
+
56γˆ26
9
+
3γˆ29
2
− 16g¯
4
8
9
− 8
3
g¯28 g¯
2
9
−11g¯
4
9
2
+ γˆ6
(
−16g
2
1
5
− 16g23 + 8z2q +
16g¯28
9
+
16g¯29
3
)}
,
βγˆ7 =
1
16pi2
{
6
5
g21g
2
2 + z
2
u
(
2g¯21 − 2g¯23
)
+ z2d
(−2g¯22 + 2g¯24)− 23 g¯1g¯3g¯5g¯6 − 23 g¯2g¯4g¯5g¯6 − 2g¯23 g¯26
+ 2g¯24 g¯
2
6 + ytzu
(
4
3
g¯1g¯5 + 4g¯3g¯6
)
+ ybzd
(
4
3
g¯2g¯5 − 4g¯4g¯6
)
+ y2b
(
−2g¯
2
5
9
+ 2g¯26 −
32g¯27
3
)
+ γˆ7
(
−g21 − 9g22 − 8g23 + 6y2b + 6y2t + 2y2τ + 2z2d + 2z2u +
γˆ1
2
+
2γˆ2
3
+
γˆ4
18
+
5γˆ8
2
+
g¯21
2
+
g¯22
2
+
3g¯23
2
+
3g¯24
2
+
g¯25
18
+
3g¯26
2
+
8g¯27
3
)
+ y2t
(
2g¯25
9
− 2g¯26 +
32g¯27
3
)}
,
βγˆ8 =
1
16pi2
{
−10g22g23 + 5g43 + g21
(
2g22
5
+
2g23
5
)
− 8z4d − 8z4u + γˆ27 + 2γˆ28 + γˆ29 − 2g¯46
+
10
3
g¯26 g¯
2
7 −
14g¯47
3
+ g¯25
(
−2g¯
2
6
9
− 2g¯
2
7
9
)
+ γˆ8
(
g¯25
9
− g
2
1
5
− 9g22 − 16g23 + 4z2d + 4z2u +
γˆ4
3
+3g¯26 +
16g¯27
3
)}
,
24
βγˆ9 =
1
16pi2
{
−8
5
g21g
2
3 − 5g43 −
5γˆ29
3
+ z2q
(
2g¯25
9
+ 6g¯26 −
4g¯27
3
)
+
8
9
g¯5g¯7g¯8g¯9 − 4
3
g¯27 g¯
2
9
+ zqzu
(
−16
9
g¯5g¯8 +
8
3
g¯7g¯9
)
+ z2u
(
32g¯28
9
− 4g¯
2
9
3
)
+ γˆ9
(
−17g
2
1
10
− 9g
2
2
2
− 16g23 + 2z2d
+4z2q + 2z
2
u +
γˆ4
18
− 8γˆ5
9
+
8γˆ6
9
+
3γˆ8
2
+
g¯25
18
+
3g¯26
2
+
8g¯27
3
+
8g¯28
9
+
8g¯29
3
)}
.
3.2.4 Fermion masses
βµ =β
SS
µ +
1
16pi2
µ
(
3z2d
2
+
3z2q
2
+
3z2u
2
)
+
1
(16pi2)2
{
au
(
g¯2
(
1
2
g¯5zq − 2g¯8zu
)
− 9
2
g¯4g¯6zq
+6ybzdzq) + µ
(
g¯25
(
− z
2
d
16
− z
2
q
96
− z
2
u
16
)
+ g¯26
(
−27
16
z2d −
9z2q
32
− 27z
2
u
16
)
+ g¯27
(−3z2d
−z
2
q
2
− 3z2u
)
+ z2u
(
− g¯
2
8
6
− g¯
2
9
2
− 21z
2
d
2
)
− g¯28z2q − 3g¯29z2q −
39z4q
8
+
(
− g¯
2
5
192
− g¯
2
8
24
)
g¯21 +
(
− g¯
2
5
192
− g¯
2
8
24
)
g¯22 −
9
64
g¯23 g¯
2
6 −
9
64
g¯24 g¯
2
6 + y
2
b
(
−3
4
z2d −
3z2q
8
)
+ g21
(
19z2d
16
+
19z2q
10
+
227z2u
80
)
+ g22
(
99z2d
16
+ 9z2q +
99z2u
16
)
+ g23
(
17z2d + 17z
2
q + 17z
2
u
)
−3z4d+
99g41
200
+
33g42
8
− y2t
(
3
8
z2q +
3z2u
4
)
− 3z4u
)
+
9
4
M2g¯3g¯4g¯
2
6 +M1
(
g¯25
12
+
2g¯28
3
)
g¯1g¯2
}
,
βM1 =β
SS
M1
+
1
16pi2
M1
(
g¯25
6
+
4g¯28
3
)
+
1
(16pi2)2
{
au
(
g¯1 (8g¯8zu − 2g¯5zq) + 8
3
g¯5g¯8yt
)
+M1
(
− 1
24
g¯25y
2
b + g¯
2
5
(
−7g¯
2
7
18
− 7g¯
2
6
32
− z
2
d
4
− z
2
q
24
− z
2
u
4
)
− 3
8
g¯22z
2
d + g¯
2
1
(
−3z
2
q
8
− 3z
2
u
8
)
− 4g¯28z2q +
4g¯48
27
− 28
9
g¯29 g¯
2
8 +
(
− g¯
2
5
24
− 2g¯
2
8
3
)
y2t −
2
3
g¯28z
2
u +
g¯45
864
+
17
16
g22 g¯
2
5
+g21
(
17g¯25
720
+
136g¯28
45
)
+ g23
(
17g¯25
9
+
136g¯28
9
))
+ µg¯1g¯2
(
3z2d + 3z
2
q + 3z
2
u
)
+
1
4
M2g¯
2
5 g¯
2
6
+M3
(
4
9
g¯25 g¯
2
7 +
32
9
g¯28 g¯
2
9
)}
,
25
βM2 =β
SS
M2
+
3
32pi2
M2g¯
2
6 +
1
(16pi2)2
{
6g¯3g¯6auzq +M2
(
−3
8
g¯26y
2
b + g¯
2
6
(
−7g¯
2
7
2
− 9
4
z2d −
3z2q
8
−9z
2
u
4
)
− 3
8
g¯24z
2
d − g¯23
(
3z2q
8
+
3z2u
8
)
− 3
8
g¯26y
2
t +
273
16
g22 g¯
2
6 +
17
80
g21 g¯
2
6 + 17g
2
3 g¯
2
6 −
7
96
g¯25 g¯
2
6
−87g¯
4
6
32
+ 11g42
)
+ µg¯3g¯4
(
3z2d + 3z
2
q + 3z
2
u
)
+
1
12
M1g¯
2
5 g¯
2
6 + 4M3g¯
2
7 g¯
2
6
}
,
βM3 =
1
16pi2
M3
(
g¯27 +
g¯29
2
)
+
1
(16pi2)2
{
4g¯9g¯7auyt +M3
(
−1
4
g¯27y
2
b + g¯
2
7
(
−21g¯
2
6
16
− 3
2
z2d −
z2q
4
−3z
2
u
2
)
− 3
2
g¯29z
2
q −
4g¯49
3
− 7g¯
2
8 g¯
2
9
18
+
(
− g¯
2
7
4
− g¯
2
9
4
)
y2t −
1
4
g¯29z
2
u + g
2
3
(
113g¯27
6
+
113g¯29
12
)
+ g21
(
17g¯27
120
+
17g¯29
15
)
+
51
8
g22 g¯
2
7 −
7
144
g¯25 g¯
2
7 −
8g¯47
3
+
33g43
2
)
+
3
2
M2g¯
2
6 g¯
2
7
+M1
(
1
18
g¯25 g¯
2
7 +
4
9
g¯28 g¯
2
9
)}
.
3.2.5 Scalar trilinear coupling
βau =
1
16pi2
{
3M2zqg¯3g¯6 + µ
(
4ybzdzq + zq
(
1
3
g¯2g¯5 − 3g¯4g¯6
)
− 4
3
zug¯2g¯8
)
+M1
(
−1
3
zqg¯1g¯5
+
4
3
zug¯1g¯8 +
4
9
ytg¯5g¯8
)
+
16
3
M3ytg¯7g¯9 + au
(
−13g
2
1
10
− 9g
2
2
2
− 8g23 + 3y2b + 3y2t + y2τ + z2d
+ 2z2q + z
2
u +
γˆ2
6
− 2γˆ3
3
− 2γˆ5
9
− 3γˆ7
2
− 8γˆ9
3
+
g¯21
4
+
g¯22
4
+
3g¯23
4
+
3g¯24
4
+
g¯25
36
+
3g¯26
4
+
4g¯27
3
+
4g¯28
9
+
4g¯29
3
)}
.
3.2.6 Scalar masses
βm2H =βm2H |SSλ=0 +
1
16pi2
{
6a2u +
3
2
m2H γˆ1 +m
2
Qγˆ2 − 2m2U γˆ3
}
+
1
(16pi2)2
{
M22 (−18ytzug¯3g¯6
−18ybzdg¯4g¯6 + 9y2b g¯26 + 9y2t g¯26 + g¯24
(
9z2d
2
+
27g¯26
4
)
+ g¯23
(
9z2q
2
+
9z2u
2
+
27g¯26
4
))
26
+m2Q
(
3g41
10
+
45g42
2
+
2
15
g21 γˆ2+ 6g
2
2 γˆ2 +
32
3
g23 γˆ2 − 2z2dγˆ2 − 2z2uγˆ2 −
γˆ22
6
− 9γˆ
2
7
2
− 1
18
γˆ2g¯
2
5
−3
2
γˆ2g¯
2
6 + yt (zug¯1g¯5 − 9zug¯3g¯6) + yb (−zdg¯2g¯5 − 9zdg¯4g¯6)−
8
3
γˆ2g¯
2
7
)
− 4
3
auM1ytg¯5g¯8
+M21
(
−2ybzdg¯2g¯5+ 1
3
y2b g¯
2
5 + ytg¯1 (2zug¯5 − 8zqg¯8) + g¯22
(
3z2d
2
+
g¯25
4
+ 2g¯28
)
+ g¯21
(
3z2q
2
+
3z2u
2
+
g¯25
4
+ 2g¯28
)
+ y2t
(
g¯25
3
+
16g¯28
3
))
+ µ2
(
y2b
(
24z2d + 12z
2
q
)
+ y2t
(
12z2q + 24z
2
u
)
+ yb (−2zdg¯2g¯5 − 18zdg¯4g¯6) + g¯24
(
9z2d +
9z2q
2
+
9z2u
2
+
9g¯26
4
)
+ g¯23
(
9z2d
2
+ 9z2q + 9z
2
u
+
9g¯26
4
)
+ g¯22
(
3z2d +
3z2q
2
+
3z2u
2
+
g¯25
12
+
2g¯28
3
)
+ g¯21
(
3z2d
2
+ 3z2q + 3z
2
u +
g¯25
12
+
2g¯28
3
)
+yt (g¯1 (2zug¯5 − 8zqg¯8)− 18zug¯3g¯6)) + µ (−12auybzdzq +M2 (18ybzdg¯3g¯6 + 18ytzug¯4g¯6
+g¯3g¯4
(
−9z2d − 9z2q − 9z2u −
9γˆ1
2
− 9g¯26
))
+M1 (2ybzdg¯1g¯5 + ytg¯2 (−2zug¯5 + 8zqg¯8)
+g¯1g¯2
(
−3z2d− 3z2q − 3z2u −
3γˆ1
2
− g¯
2
5
3
− 8g¯
2
8
3
)))
− 16auM3ytg¯7g¯9 + a2u
(
41g21
10
+
9g22
2
+64g23 − 6z2d − 12z2q − 6z2u −
9γˆ1
2
− 2γˆ2 + 8γˆ3 + 9γˆ7 − g¯
2
5
6
− 9g¯
2
6
2
− 8g¯27 −
8g¯28
3
− 8g¯29
)
+m2U
(
12g41
5
− 64
15
g21 γˆ3 −
64
3
g23 γˆ3 + 8z
2
q γˆ3 −
4γˆ23
3
− 4ytzqg¯1g¯8 + 16
9
γˆ3g¯
2
8 +
16
3
γˆ3g¯
2
9
)
+m2H
(
99g41
200
+
33g42
8
+
9
5
g21 γˆ1 + 9g
2
2 γˆ1 − 3y2τ γˆ1 −
15γˆ21
16
− γˆ
2
2
24
− γˆ
2
3
3
− 9γˆ
2
7
8
+ yb (zdg¯2g¯5
+9zdg¯4g¯6) + g¯
2
4
(
−27z
2
d
8
− 9γˆ1
4
− 27g¯
2
6
16
)
+ g¯23
(
−27z
2
q
8
− 27z
2
u
8
− 9γˆ1
4
− 27g¯
2
6
16
)
+ y2b
(
−9z2d −
9z2q
2
− 9γˆ1 − g¯
2
5
8
− 27g¯
2
6
8
− 6g¯27
)
+ g¯22
(
−9z
2
d
8
− 3γˆ1
4
− g¯
2
5
16
− g¯
2
8
2
)
+ g¯21
(
−9z
2
q
8
− 9z
2
u
8
− 3γˆ1
4
− g¯
2
5
16
− g¯
2
8
2
)
+ yt (9zug¯3g¯6 + g¯1 (−zug¯5 + 4zqg¯8))
+y2t
(
−9z
2
q
2
− 9z2u − 9γˆ1 −
g¯25
8
− 27g¯
2
6
8
− 6g¯27 − 2g¯28 − 6g¯29
))
+M23
(
16y2b g¯
2
7 + y
2
t
(
16g¯27
+16g¯29
))}
,
βm2Q =
1
16pi2
{
2a2u + µ
2
(−4z2d − 4z2u)+ 13m2H γˆ2 − 23m2U γˆ5 − 19M21 g¯25 − 3M22 g¯26 − 163 M23 g¯27
27
m2Q
(
−g
2
1
10
− 9g
2
2
2
− 8g23 + 2z2d + 2z2u +
7γˆ4
18
+
3γˆ8
2
+
g¯25
18
+
3g¯26
2
+
8g¯27
3
)}
+
1
(16pi2)2
{
m2H
(
g41
10
+
15g42
2
+
2
5
g21 γˆ2 + 2g
2
2 γˆ2 − 2y2b γˆ2 − 2y2t γˆ2 −
2
3
y2τ γˆ2 −
γˆ22
18
− 3γˆ
2
7
2
− 1
6
γˆ2g¯
2
1 −
1
6
γˆ2g¯
2
2 −
1
2
γˆ2g¯
2
3 −
1
2
γˆ2g¯
2
4 + yt
(
1
3
zug¯1g¯5 − 3zug¯3g¯6
)
+ yb
(
−1
3
zdg¯2g¯5
−3zdg¯4g¯6)) + µ
(
M1
(
2
3
ybzdg¯1g¯5 − 2
3
ytzug¯2g¯5 + g¯1g¯2
(
−2z2d − 2z2u −
γˆ2
3
− 2g¯
2
5
9
))
+ au
(
−1
3
zqg¯2g¯5 + 3zqg¯4g¯6
)
+M2
(
6ybzdg¯3g¯6 + 6ytzug¯4g¯6 + g¯3g¯4
(−6z2d − 6z2u − γˆ2
−6g¯26
)))
+ 8M2M3g¯
2
6 g¯
2
7 +M
2
2
(
−36g42 − 6ytzug¯3g¯6 − 6ybzdg¯4g¯6 − 18g22 g¯26 +
3
2
y2b g¯
2
6
+
3
2
y2t g¯
2
6 +
1
8
g¯25 g¯
2
6 +
75g¯46
8
+ g¯24
(
3z2d +
9g¯26
4
)
+ g¯23
(
3z2u +
9g¯26
4
)
+ g¯26
(
3z2q
2
+ 6g¯27
))
+M1
(
1
6
M2g¯
2
5 g¯
2
6 +
8
27
M3g¯
2
5 g¯
2
7−
4
3
auzug¯1g¯8
)
+M21
(
2
3
ytzug¯1g¯5 − 2
3
ybzdg¯2g¯5 +
1
18
y2b g¯
2
5
+
1
18
y2t g¯
2
5 +
23g¯45
648
+ g¯22
(
z2d +
g¯25
12
)
+ g¯21
(
z2u +
g¯25
12
)
− 8
9
zqzug¯5g¯8 +
16
9
z2ug¯
2
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z2q
18
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g¯26
8
+
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+
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+ a2u
(
97g21
30
+
3g22
2
+
8g23
3
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+
16γˆ5
9
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1
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2
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3
2
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2
4
2
− 8g¯
2
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9
3
)
+ µ2
(
−6g
4
1
25
− 18g42
+ 4y2bz
2
d + 24z
4
d + 4y
2
t z
2
u + 12z
2
qz
2
u + 24z
4
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2
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(−6z2d − 6z2u)+ g21 (−2z2d − 14z2u5
)
+ z2d
(
6z2q + 4z
2
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)
+
1
9
z2q g¯
2
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2
2
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z2d +
z2u
2
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g¯25
18
)
+ g¯21
(
z2d
2
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g¯25
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+ 3z2q g¯
2
6
+ yt
(
2
3
zug¯1g¯5 − 6zug¯3g¯6
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+ yb
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3
zdg¯2g¯5 − 6zdg¯4g¯6
)
+ g¯24
(
3z2d +
3z2u
2
+
3g¯26
2
)
+g¯23
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2
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3g¯26
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)
+
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3
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8
9
zqzug¯5g¯8 +
8
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z2ug¯
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32
3
zqzug¯7g¯9 +
8
3
z2ug¯
2
9
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+m2U
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4g41
15
+
40g43
3
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45
g21 γˆ5 −
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9
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3
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3
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3
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9
γˆ5g¯
2
9
)
+m2Q
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− 15z
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2
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− 35γˆ
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5
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− 3γˆ
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7
8
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(
−7γˆ4
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9
− 3γˆ8
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24
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9
3
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5
864
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8
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+
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− 81g¯
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1
3
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(
−9z
2
d
8
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6
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(
−9z
2
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)
− 14g¯
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7
3
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−9z
2
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8
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4
− 3g¯27
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24
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24
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)
+ g21
(
g22
8
+
2g23
9
+
13z2d
12
+
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+
g¯25
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16
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)
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(
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15z2d
4
+
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+
7γˆ4
3
+ 9γˆ8 +
5g¯25
48
+
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+ 5g¯27
)
+ g23
(
20z2d
3
+
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3
+
112γˆ4
27
+ 16γˆ8 +
5g¯25
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+ 5g¯26 +
260g¯27
9
)
+
4
9
zqzug¯5g¯8 − 2
3
z2ug¯
2
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5
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2
q
24
− 7γˆ4
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12
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2
6
16
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2
7
9
− g¯
2
8
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)
+
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3
zqzug¯7g¯9− 2z2ug¯29− g¯27
(
2z2q +
28γˆ4
27
+ 4γˆ8 + g¯
2
9
))
+M23
(−96g43
− 48g23 g¯27 +
8
3
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2
7 +
8
3
y2t g¯
2
7 +
2
9
g¯25 g¯
2
7 + 6g¯
2
6 g¯
2
7 +
160g¯47
9
− 32
3
zqzug¯7g¯9 +
16
3
z2ug¯
2
9 + g¯
2
7
(
8z2q
3
+4g¯29
))}
,
βm2U =
1
16pi2
{
4a2u − 8µ2z2q −
4
3
m2H γˆ3 −
4
3
m2Qγˆ5 −
16
9
M21 g¯
2
8 −
16
3
M23 g¯
2
9 +m
2
U
(
−8g
2
1
5
− 8g23
+4z2q +
32γˆ6
9
+
8g¯28
9
+
8g¯29
3
)}
+
1
(16pi2)2
{−6auM2zqg¯3g¯6 +M22 (6z2q g¯23 + 6z2q g¯26)
+ a2u
(
−8g
2
1
15
+ 24g22 +
16g23
3
− 12y2b − 12y2t − 4y2τ − 4z2d − 4z2u +
20γˆ3
3
+
20γˆ5
9
− 64γˆ6
9
+
32γˆ9
3
− g¯21− g¯22− 3g¯23− 3g¯24−
g¯25
9
− 3g¯26−
16g¯27
3
)
+m2H
(
8g41
5
− 8
5
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8
3
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2
1 +
2
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4 −
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3
ytzqg¯1g¯8
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8
3
auzug¯2g¯8+M1
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3
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4γˆ3
3
− 4z2q −
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+m2Q
(
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15
+
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9
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8
3
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8γˆ25
27
− 16γˆ
2
9
3
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2
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+
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9
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8
9
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3
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)
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+ 12z2dz
2
q + 36z
4
q + 24z
2
qz
2
u + 6z
2
q g¯
2
3 + 3z
2
q g¯
2
4 +
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3
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7 −
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9
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9
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2
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8g¯28
9
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2
9
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(
2
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9
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(
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9
y2t g¯
2
8 −
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3
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9
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4
3
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+
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9
+
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3
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+
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3
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3
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9
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32z2q
3
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9
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9
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5
27
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128γˆ6
9
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6
81
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3
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4
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2
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9
4
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2
6 +
8
3
ytzqg¯1g¯8 +
8
9
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8 −
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27
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(
3z2q
4
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3
)
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(
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q
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2
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9
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+
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3
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(
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27
)
g¯29 −
11g¯49
3
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9
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.
3.2.7 Higgs anomalous dimension
γH =
1
16pi2
{
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4
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g¯22
4
+
3g¯23
4
+
3g¯24
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+
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+
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+
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+
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3ξ2
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+ 3ξ − 85
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+
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+
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+
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+
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+
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+
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+
(
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9z2q −
g¯28
4
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2
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2
2
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2
3
32
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2
5
32
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(
− 1
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9z2d −
g¯28
4
− 9g¯
2
4
32
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2
5
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g¯22
+
(
−27
16
z2q −
27z2u
16
− 3g¯
2
4
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2
6
32
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(
− 1
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27z2d −
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48
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γˆ23
6
+
9γˆ27
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(
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t
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(
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2
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zug¯5
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2
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2
5
16
− 27g¯
2
6
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)
− 27y
4
b
4
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4
t
4
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4
τ
4
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4
1
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4
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4
4
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}
.
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3.3 Effective SUSY with a full generation of light scalars
This section presents the beta functions of the independent couplings (eq. (2.7)) of the
Lagrangian of eq. (2.6). Again, as in the previous section, in order to simplify the formulae
the phases and the couplings yu/d/lij, gQ/U/Di,k , zq/q∗/u/d/l/ei, i, j 6= 3, are taken as zero. The
compact notation of eq. (2.8) is employed for the beta functions other than those of the
gauge couplings. Some beta functions are given in comparison with those of the Minimal
Effective Susy scenario, which are denoted with the superscript “MES”. The parameters γˆ
in the minimal Effective Susy case can be expressed in terms of the parameters γ˜ of the
nonminimal scenario with the aid of eqs. (2.5) and (2.8). Two-loop contributions are given
only for the gauge and Standard Model-like Yukawas, and for the fermion and scalar mass
parameters; the full expressions are available online.
3.3.1 Gauge couplings
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+
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+
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+
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.
3.3.2 Yukawas
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+
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(
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+
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− zdzlg¯5g¯14
−2zlzq∗ g¯10g¯14) + y3τ
(
−7z
2
e
4
− z2l −
g¯212
4
− 3g¯
2
13
4
− 7g¯
2
14
8
)
+ yτ
(
−7z
4
e
4
− 3
8
z2dz
2
l −
13z4l
8
+
γ˜24
24
+
γ˜25
16
+
γ˜26
8
+
3γ˜223
16
+ z2q∗
(
−9g¯
2
2
16
− 27g¯
2
4
16
)
− g¯
4
12
16
− 3
4
g¯1g¯3g¯12g¯13 − 45
64
g¯23 g¯
2
13
− 21
64
g¯24 g¯
2
13 +
(
3γ˜5
8
+
3γ˜23
8
− 9g¯
2
6
64
)
g¯213 −
15g¯413
32
+ z2e
(
−3z
2
d
4
+
13z2l
8
− 3z
2
q∗
4
+ γ˜5 − g¯
2
2
4
−3g¯
2
4
4
− 17g¯
2
12
16
− 51g¯
2
13
16
)
+2zezlg¯12g¯14− γ˜6g¯214−
1
48
g¯25 g¯
2
14−
1
6
g¯28 g¯
2
14 −
7g¯414
8
+ z2l
(
−3z
2
q∗
8
−γ˜6 − 7g¯
2
2
32
− 21g¯
2
4
32
− 17g¯
2
14
4
)
+ g¯22
(
− g¯
2
10
16
− 7g¯
2
12
64
− g¯
2
14
4
)
+ g¯210
(
− g¯
2
1
16
− g¯
2
12
96
− g¯
2
14
24
)
+g¯21
(
g¯212
64
+
g¯214
4
)
+g¯212
(
γ˜5
8
− 3γ˜23
8
− g¯
2
5
192
− g¯
2
8
24
− 9g¯
2
13
32
+
13g¯214
32
))
+ g21
(
ze
(
21
40
g¯2g¯12
−63
40
g¯4g¯13
)
− 12
5
zlg¯2g¯14+yτ
(
39z2e
40
+
3z2l
5
+
33g¯212
320
+
99g¯213
320
+
33g¯214
20
))
+ zl
(
3
2
z2q∗ g¯2g¯14
+
5
8
g¯32 g¯14 +
3
4
g¯1g¯3g¯4g¯14 + g¯2
(
1
2
γ˜6g¯14 +
3
4
g¯21 g¯14 +
3
4
g¯23 g¯14 +
9
8
g¯24 g¯14 +
1
12
g¯25 g¯14 +
2
3
g¯28 g¯14
+
1
6
g¯210g¯14 +
1
4
g¯212g¯14 +
g¯314
2
))
+ ze
(
− 5
16
g¯32 g¯12 +
9
16
g¯22 g¯4g¯13 +
33
16
g¯34 g¯13 + z
2
l
(
−1
4
g¯2g¯12
+
3
4
g¯4g¯13
)
+ z2d
(
−3
4
g¯2g¯12 +
9
4
g¯4g¯13
)
+ z2q∗
(
−3
4
g¯2g¯12 +
9
4
g¯4g¯13
)
+ g¯4
(
−3
8
g¯1g¯3g¯12
+
3
8
g¯21 g¯13 +
9
8
g¯23 g¯13 +
(
−3γ˜5
8
− 3γ˜23
8
+
9g¯26
8
)
g¯13 +
3g¯313
8
)
+ g¯2
(
−3
8
g¯21 g¯12 −
9
16
g¯24 g¯12
− 1
12
g¯210g¯12 −
g¯312
8
+
3
8
g¯1g¯3g¯13 + g¯12
(
γ˜5
8
− 3γ˜23
8
− 3g¯
2
3
8
− g¯
2
5
24
− g¯
2
8
3
− g¯
2
14
4
)))}
,
33
βzq =β
MES
zq +
1
16pi2
1
2
zqz
2
q∗ ,
βzu =β
MES
zu ,
βzd =β
MES
zd
+
1
16pi2
{
1
2
zdz
2
e +
1
2
zdz
2
l +
3
2
zdz
2
q∗ +
1
9
zq∗ g¯5g¯10 +
1
18
zdg¯
2
10 −
8
3
zq∗ g¯7g¯11 +
2
3
zdg¯
2
11
}
,
βz∗q =
1
16pi2
{
4z3q∗ −
1
3
ybg¯2g¯10 + zd
(
1
9
g¯5g¯10 − 8
3
g¯7g¯11
)
+ zq∗
(
−g
2
1
2
− 9g
2
2
2
− 4g23 +
y2b
2
+
y2t
2
+
3z2d
2
+
z2e
2
+
z2l
2
+
z2q
2
+
g¯22
8
+
3g¯24
8
+
g¯25
72
+
3g¯26
8
+
2g¯27
3
+
g¯210
9
+
4g¯211
3
)}
,
βzl =
1
16pi2
{
3z3l − yτ g¯2g¯14 − zeg¯12g¯14 + zl
(
3g¯24
8
− 9g
2
1
10
− 9g
2
2
2
+
y2τ
2
+
3z2d
2
+
z2e
2
+
3z2q∗
2
+
g¯22
8
+
g¯212
8
+
3g¯213
8
+ g¯214
)}
,
βze =
1
16pi2
{
5z3e
2
+ yτ
(
1
2
g¯2g¯12 − 3
2
g¯4g¯13
)
− zlg¯12g¯14 + ze
(
−9g
2
1
4
− 9g
2
2
4
+ y2τ +
3z2d
2
+
z2l
2
+
3z2q∗
2
+
g¯22
8
+
3g¯24
8
+
g¯212
4
+
3g¯213
4
+
g¯214
2
)}
,
βg¯1 =β
MES
g¯1
+
1
16pi2
{
g¯1
(
g¯210
6
+
g¯212
4
+
g¯214
2
)}
,
βg¯2 =βg¯1 |gHi↔gH∗i +
1
16pi2
{(
3z2d
2
− 3z
2
q
2
− 3z
2
u
2
)
g¯2 + (−2ybzd − 2ytzu) g¯5 + 8ytzqg¯8
}
,
βg¯3 =β
MES
g¯3
+
1
16pi2
1
4
g¯3g¯
2
13,
βg¯4 =βg¯3|gHi↔gH∗i +
1
16pi2
{(
3z2d
2
+
z2e
2
+
z2l
2
− 3z
2
q
2
− 3z
2
u
2
+
3z2q∗
2
)
g¯4 + (−6ybzd + 6ytzu) g¯6
−2yτzeg¯13} ,
34
βg¯5 =β
MES
g¯5
+
1
16pi2
{
4zdzq∗ g¯10 + g¯5
(
z2q∗
2
+
g¯210
6
+
g¯212
4
+
g¯214
2
)}
,
βg¯6 =β
MES
g¯6
+
1
16pi2
g¯6
(
z2q∗
2
+
g¯213
4
)
,
βg¯7 =β
MES
g¯7
+
1
16pi2
{
−2zdzq∗ g¯11 + g¯7
(
z2q∗
2
+
g¯211
4
)}
,
βg¯8 =β
MES
g¯8
+
1
16pi2
g¯8
(
g¯210
6
+
g¯212
4
+
g¯214
2
)
,
βg¯9 =β
MES
g¯9
+
1
16pi2
1
4
g¯9g¯
2
11,
βg¯10 =
1
16pi2
{
−6ybzq∗ g¯2 + 2zdzq∗ g¯5 + 1
4
g¯22 g¯10 +
1
12
g¯25 g¯10 +
g¯310
3
+ g¯10
(
−g
2
1
3
− 4g23 + y2b + z2d
+2z2q∗ +
g¯21
4
+
2g¯28
3
+ 2g¯211 +
g¯212
4
+
g¯214
2
)}
,
βg¯11 =
1
16pi2
{
−4zdzq∗ g¯7 + 1
2
g¯27 g¯11 +
(
y2b −
g21
3
− 13g23 + z2d + 2z2q∗ +
g¯29
4
+
g¯210
6
)
g¯11 +
9g¯311
4
}
,
βg¯12 =
1
16pi2
{
2yτzeg¯2 +
1
4
g¯22 g¯12 +
5g¯312
8
− 4zezlg¯14 + g¯12
(
−3g
2
1
4
− 9g
2
2
4
+
y2τ
2
+ z2e +
z2l
2
+
g¯21
4
+
g¯25
12
+
2g¯28
3
+
g¯210
6
+
9g¯213
8
+
g¯214
2
)}
,
βg¯13 =
1
16pi2
{
−2yτzeg¯4 + 1
4
g¯24 g¯13 +
(
−3g
2
1
4
− 33g
2
2
4
+
y2τ
2
+ z2e +
z2l
2
+
g¯23
4
+
3g¯26
4
+
3g¯212
8
)
g¯13
+
11g¯313
8
}
,
βg¯14 =
1
16pi2
{
−2yτzlg¯2 − 2zezlg¯12 + 1
4
g¯22 g¯14 +
(
−3g21 + y2τ + z2e + 2z2l +
g¯21
4
+
g¯25
12
+
2g¯28
3
+
g¯210
6
)
g¯14 +
1
4
g¯212g¯14 + 2g¯
3
14
}
.
35
3.3.3 Quartic couplings
βγ˜1 =β
MES
γ˜1
+
1
16pi2
{
2γ˜24
3
+ γ˜25 + 2γ˜
2
6 + γ˜
2
23
}
,
βγ˜2 =β
MES
γ˜2
+
1
16pi2
{
2γ˜4γ˜9
3
+ γ˜5γ˜10 + 2γ˜6γ˜11
}
,
βγ˜3 =β
MES
γ˜3
+
1
16pi2
{
2γ˜4γ˜13
3
+ γ˜5γ˜14 + 2γ˜6γ˜15
}
,
βγ˜7 =β
MES
γ˜7
+
1
16pi2
{
2γ˜29
3
+ γ˜210 + 2γ˜
2
11 + 3γ˜
2
27
}
,
βγ˜8 = β
MES
γ˜8
+
1
16pi2
{
2γ˜9γ˜13
3
+ γ˜10γ˜14 + 2γ˜11γ˜15
}
,
βγ˜12 =β
MES
γ˜12
+
1
16pi2
{
2γ˜213
3
+ γ˜214 + 2γ˜
2
15 +
3γ˜228
4
}
,
βγ˜22 =β
MES
γ˜22
+
1
16pi2
γ˜23γ˜25,
βγ˜24 =β
MES
γ˜24
+
1
16pi2
{
γ˜225 + γ˜
2
27
}
,
βγ˜26 =β
MES
γ˜26
+
1
16pi2
γ˜27γ˜28,
βγ˜4 =
1
16pi2
{
2g41 −
13
6
g21 γ˜4 −
9
2
g22 γ˜4 − 8g23 γ˜4 + 6y2b γ˜4 + 6y2t γ˜4 + 2y2τ γ˜4 +
2γ˜24
3
+ z2q∗
(−24y2b
−24y2t +4γ˜4
)
+
γ˜2γ˜9
3
+
8γ˜3γ˜13
3
+ γ˜4
(
3γ˜1
2
+
8γ˜16
9
)
+ γ˜5γ˜17 + 2γ˜6γ˜18 +
3
2
γ˜4g¯
2
3 +
(−18z2q∗
+
3γ˜4
2
)
g¯24 + 8ybzq∗ g¯2g¯10 +
(
−8y
2
b
3
+
2γ˜4
9
)
g¯210 + g¯
2
1
(
γ˜4
2
− 2g¯
2
10
3
)
+ g¯22
(
−6z2q∗ +
γ˜4
2
−2g¯
2
10
3
)
+
(
−32y2b +
8γ˜4
3
)
g¯211
}
,
36
βγ˜5 =
1
16pi2
{−3g41 − 9g42 − 3g21 γ˜5 − 9g22 γ˜5 + 6y2b γ˜5 + 6y2t γ˜5 + 2y2τ γ˜5 − γ˜25 + z2e (16y2τ + 2γ˜5)
+
γ˜2γ˜10
3
+
8γ˜3γ˜14
3
+
2γ˜4γ˜17
3
+ γ˜5
(
3γ˜1
2
+
3γ˜19
2
)
+ 2γ˜6γ˜20 − 3γ˜223 + 4yτzeg¯2g¯12 +
(
2y2τ
+
γ˜5
2
)
g¯212 + g¯
2
1
(
γ˜5
2
+ g¯212
)
+ g¯22
(
2z2e +
γ˜5
2
+ g¯212
)
− 12yτzeg¯4g¯13 +
(
6y2τ +
3γ˜5
2
)
g¯213
+g¯23
(
3γ˜5
2
+ 3g¯213
)
+ g¯24
(
6z2e +
3γ˜5
2
+ 3g¯213
)}
,
βγ˜6 =
1
16pi2
{
6g41 −
15
2
g21 γ˜6 −
9
2
g22 γ˜6 + 6y
2
b γ˜6 + 6y
2
t γ˜6 + 2y
2
τ γ˜6 + 2γ˜
2
6 + z
2
l
(
4γ˜6 − 8y2τ
)
+
γ˜2γ˜11
3
+
8γ˜3γ˜15
3
+
2γ˜4γ˜18
3
+ γ˜5γ˜20 + γ˜6
(
3γ˜1
2
+ 4γ˜21
)
+
3
2
γ˜6g¯
2
3 +
(
3γ˜6
2
− 6z2l
)
g¯24 + 8yτzlg¯2g¯14
+
(−8y2τ + 2γ˜6) g¯214 + g¯21 ( γ˜62 − 2g¯214
)
+ g¯22
(
−2z2l +
γ˜6
2
− 2g¯214
)}
,
βγ˜9 =
1
16pi2
{
2g41
3
+ 48g43 + γ˜2γ˜4 −
5
6
g21 γ˜9 −
9
2
g22 γ˜9 − 16g23 γ˜9 + 2z2uγ˜9 + 4z2q∗ γ˜9 +
2γ˜29
9
+ z2d
(−72z2q∗ + 2γ˜9)+ 8γ˜8γ˜133 + γ˜10γ˜17 + 2γ˜11γ˜18 + γ˜9
(
7γ˜7
18
+
8γ˜16
9
+
3γ˜24
2
)
+ 16γ˜227
+
(
−18z2q∗ +
3γ˜9
2
)
g¯26 −
8
3
zdzq∗ g¯5g¯10 +
(
−8z
2
d
3
+
2γ˜9
9
)
g¯210 + g¯
2
5
(
−2z
2
q∗
3
+
γ˜9
18
− 2g¯
2
10
9
)
+64zdzq∗ g¯7g¯11 +
(
−32z2d +
8γ˜9
3
)
g¯211 + g¯
2
7
(
−32z2q∗ +
8γ˜9
3
− 16g¯211
)}
,
βγ˜10 =
1
16pi2
{
−g41 − 27g42 + γ˜2γ˜5 −
5
3
g21 γ˜10 − 9g22 γ˜10 − 8g23 γ˜10 + 2z2e γ˜10 + 2z2uγ˜10 −
γ˜210
3
+ z2d
(
24z2e + 2γ˜10
)
+
8γ˜8γ˜14
3
+
2γ˜9γ˜17
3
+ 2γ˜11γ˜20 + γ˜10
(
7γ˜7
18
+
3γ˜19
2
+
3γ˜24
2
)
− 9γ˜225
+
8
3
γ˜10g¯
2
7 +
1
2
γ˜10g¯
2
12 + g¯
2
5
(
γ˜10
18
+
g¯212
3
)
+
3
2
γ˜10g¯
2
13 + g¯
2
6
(
3γ˜10
2
+ 9g¯213
)}
,
βγ˜11 =
1
16pi2
{
2g41 +γ˜2γ˜6 −
37
6
g21 γ˜11 −
9
2
g22 γ˜11 − 8g23 γ˜11 + 4z2l γ˜11 + 2z2uγ˜11 +
2γ˜211
3
+ z2d
(−24z2l
+2γ˜11) +
8γ˜8γ˜15
3
+
2γ˜9γ˜18
3
+ γ˜10γ˜20 + γ˜11
(
7γ˜7
18
+ 4γ˜21 +
3γ˜24
2
)
+
3
2
γ˜11g¯
2
6 +
8
3
γ˜11g¯
2
7
+2γ˜11g¯
2
14 + g¯
2
5
(
γ˜11
18
− 2g¯
2
14
3
)}
,
37
βγ˜13 =
1
16pi2
{
−8g
4
1
3
− 12g43 + γ˜3γ˜4 +
γ˜8γ˜9
3
− 10
3
g21 γ˜13 − 16g23 γ˜13 + 4z2q∗ γ˜13 −
8γ˜213
9
+ z2q
(
12z2q∗
+4γ˜13)+γ˜13
(
32γ˜12
9
+
8γ˜16
9
)
+ γ˜14γ˜17 + 2γ˜15γ˜18 − 4γ˜228 +
2
9
γ˜13g¯
2
10 + g¯
2
8
(
8γ˜13
9
+
8g¯210
9
)
+
8
3
γ˜13g¯
2
11 + g¯
2
9
(
8γ˜13
3
+ 4g¯211
)}
,
βγ˜14 =
1
16pi2
{
4g41 + γ˜3γ˜5 +
γ˜8γ˜10
3
− 25
6
g21 γ˜14 −
9
2
g22 γ˜14 − 8g23 γ˜14 + 2z2e γ˜14 + 4z2q γ˜14 +
4γ˜214
3
+
2γ˜13γ˜17
3
+ γ˜14
(
32γ˜12
9
+
3γ˜19
2
)
+ 2γ˜15γ˜20 +
8
3
γ˜14g¯
2
9 +
1
2
γ˜14g¯
2
12 + g¯
2
8
(
8γ˜14
9
− 4g¯
2
12
3
)
+
3
2
γ˜14g¯
2
13
}
,
βγ˜15 =
1
16pi2
{
−8g41 + γ˜3γ˜6 +
γ˜8γ˜11
3
− 26
3
g21 γ˜15 − 8g23 γ˜15 + 4z2l γ˜15 + 4z2q γ˜15 −
8γ˜215
3
+
2γ˜13γ˜18
3
+γ˜14γ˜20 + γ˜15
(
32γ˜12
9
+ 4γ˜21
)
+
8
3
γ˜15g¯
2
9 + 2γ˜15g¯
2
14 + g¯
2
8
(
8γ˜15
9
+
8g¯214
3
)}
,
βγ˜16 =
1
16pi2
{
4g41
3
+ 39g43 − 72z4q∗ + γ˜24 +
γ˜29
3
+
8γ˜213
3
+ g21
(
8g23 −
4γ˜16
3
)
− 16g23 γ˜16 + 8z2q∗ γ˜16
+
14γ˜216
9
+γ˜217 + 2γ˜
2
18 + 6γ˜
2
27 + 3γ˜
2
28 −
4g¯410
9
+
16
3
γ˜16g¯
2
11 − 22g¯411 + g¯210
(
4γ˜16
9
− 8g¯
2
11
3
)}
,
βγ˜17 =
1
16pi2
{
−2g41 + γ˜4γ˜5 +
γ˜9γ˜10
3
+
8γ˜13γ˜14
3
− 13
6
g21 γ˜17 −
9
2
g22 γ˜17 − 8g23 γ˜17 + 4z2q∗ γ˜17 −
2γ˜217
3
+ z2e
(
24z2q∗ + 2γ˜17
)
+ γ˜17
(
8γ˜16
9
+
3γ˜19
2
)
+ 2γ˜18γ˜20 +
8
3
γ˜17g¯
2
11 +
1
2
γ˜17g¯
2
12 + g¯
2
10
(
2γ˜17
9
+
2g¯212
3
)
+
3
2
γ˜17g¯
2
13
}
,
βγ˜18 =
1
16pi2
{
4g41 +γ˜4γ˜6+
γ˜9γ˜11
3
+
8γ˜13γ˜15
3
− 20
3
g21 γ˜18 − 8g23 γ˜18 + 4z2q∗ γ˜18 +
4γ˜218
3
+ z2l
(−24z2q∗
+4γ˜18) + γ˜17γ˜20 + γ˜18
(
8γ˜16
9
+ 4γ˜21
)
+
8
3
γ˜18g¯
2
11 + 2γ˜18g¯
2
14 + g¯
2
10
(
2γ˜18
9
− 4g¯
2
14
3
)}
,
38
βγ˜19 =
1
16pi2
{
3g41 +9g
4
2 − 16z4e + γ˜25 +
γ˜210
3
+
8γ˜214
3
+
2γ˜217
3
+ g21
(
6g22 − 3γ˜19
)− 9g22 γ˜19 + 4z2e γ˜19
+3γ˜219 + 2γ˜
2
20 + γ˜
2
23 + 3γ˜
2
25 − g¯412 + 3γ˜19g¯213 − 5g¯413 + g¯212
(
γ˜19 − 2g¯213
)}
,
βγ˜20 =
1
16pi2
{
−6g41 + γ˜5γ˜6 +
γ˜10γ˜11
3
+
8γ˜14γ˜15
3
+
2γ˜17γ˜18
3
− 15
2
g21 γ˜20 −
9
2
g22 γ˜20 + 4z
2
l γ˜20 − 2γ˜220
+ z2e
(
8z2l + 2γ˜20
)
+ γ˜20
(
3γ˜19
2
+ 4γ˜21
)
+
(
6z2l +
3γ˜20
2
)
g¯213 − 8zezlg¯12g¯14 +
(
8z2e
+2γ˜20) g¯
2
14 + g¯
2
12
(
2z2l +
γ˜20
2
+ 2g¯214
)}
,
βγ˜21 =
1
16pi2
{
12g41− 8z4l +γ˜26 +
γ˜211
3
+
8γ˜215
3
+
2γ˜218
3
+ γ˜220 − 12g21 γ˜21 + 8z2l γ˜21 + 10γ˜221 + 4γ˜21g¯214
−4g¯414
}
,
βγ˜23 =
1
16pi2
{
g21
(−6g22 − 3γ˜23)− 9g22 γ˜23 + 6y2b γ˜23 + 6y2t γ˜23 + 2y2τ γ˜23 + 2z2e γ˜23 + ( γ˜12 − 2γ˜5
+
γ˜19
2
)
γ˜23 + 3γ˜22γ˜25 +
1
2
γ˜23g¯
2
1 +
(
−2z2e +
γ˜23
2
)
g¯22 +
(
−2y2τ +
γ˜23
2
)
g¯212 − 4yτzeg¯4g¯13
+ 2g¯1g¯3g¯12g¯13 +
(
2y2τ +
3γ˜23
2
)
g¯213 + g¯2 (−4yτzeg¯12 + 2g¯4g¯12g¯13) + g¯23
(
3γ˜23
2
− 2g¯213
)
+g¯24
(
2z2e +
3γ˜23
2
+ 2g¯213
)}
,
βγ˜25 =
1
16pi2
{
γ˜22γ˜23 − g21
(
2g22 +
5γ˜25
3
)
− 9g22 γ˜25 − 8g23 γ˜25 + 2z2e γ˜25 + 2z2uγ˜25 +
(
γ˜7
18
− 2γ˜10
3
+
γ˜19
2
+
5γ˜24
2
)
γ˜25 + z
2
d
(−8z2e + 2γ˜25)+ 118 γ˜25g¯25 + 83 γ˜25g¯27 + 12 γ˜25g¯212 + 23 g¯5g¯6g¯12g¯13
+
3
2
γ˜25g¯
2
13 + g¯
2
6
(
3γ˜25
2
− 2g¯213
)}
,
βγ˜27 =
1
16pi2
{
−5g43 + g21
(
4g23
3
− 5γ˜27
6
)
− 9
2
g22 γ˜27 − 16g23 γ˜27 + 2z2dγ˜27 + 2z2uγ˜27 + 4z2q∗ γ˜27
+
(
γ˜7
18
+
4γ˜9
9
+
2γ˜16
9
+
3γ˜24
2
)
γ˜27 − 5γ˜
2
27
3
+ γ˜26γ˜28 +
(
2z2q∗
9
+
γ˜27
18
)
g¯25 +
(
6z2q∗
+
3γ˜27
2
)
g¯26 +
(
8z2d
9
+
2γ˜27
9
)
g¯210 +
8
3
zdzq∗ g¯7g¯11 +
(
−4z
2
d
3
+
8γ˜27
3
)
g¯211 + g¯5
(
8
9
zdzq∗ g¯10
39
−4
9
g¯7g¯10g¯11
)
+ g¯27
(
−4z
2
q∗
3
+
8γ˜27
3
− 4g¯
2
11
3
)}
,
βγ˜28 =
1
16pi2
{
5g43 + 2γ˜26γ˜27 + g
2
1
(
−16g
2
3
3
− 10γ˜28
3
)
− 16g23 γ˜28 + 4z2q∗ γ˜28 +
(
8γ˜12
9
− 16γ˜13
9
+
2γ˜16
9
)
γ˜28 +
5γ˜228
3
+ z2q
(
4γ˜28 − 16z2q∗
)
+
8
9
γ˜28g¯
2
8 +
2
9
γ˜28g¯
2
10 +
16
9
g¯8g¯9g¯10g¯11 +
8
3
γ˜28g¯
2
11
+g¯29
(
8γ˜28
3
− 14g¯
2
11
3
)}
,
βγ˜29 =
1
16pi2
{
−3
2
zlzq∗ g¯6g¯13 + g¯10
(
1
3
zdzlg¯12 − 2
3
zdzeg¯14
)
+ g¯5
(
1
6
zlzq∗ g¯12 − 1
3
zezq∗ g¯14
)
+ γ˜29
(
z2d−
25g21
6
− 9g
2
2
2
− 8g23 + z2e + 2z2l + z2u + 2z2q∗ +
γ˜9
9
− γ˜10
6
+
γ˜11
3
− γ˜17
3
+
2γ˜18
3
−γ˜20 + 3γ˜25
2
− 8γ˜27
3
+
g¯25
36
+
3g¯26
4
+
4g¯27
3
+
g¯210
9
+
4g¯211
3
+
g¯212
4
+
3g¯213
4
+ g¯214
)}
,
βγ˜30 =
1
16pi2
{
γ˜30
(
−31g
2
1
3
√
2
− 9g
2
2√
2
− 8
√
2g23 +
√
2z2d +
√
2z2e + 2
√
2z2l + 2
√
2z2q +
√
2z2u
− 2
√
2γ˜8
9
− γ˜10
3
√
2
+
√
2γ˜11
3
+
2
√
2γ˜14
3
− 4
√
2γ˜15
3
−
√
2γ˜20 − 3γ˜25√
2
− 8
√
2γ˜26
3
+
g¯25
18
√
2
+
3g¯26
2
√
2
+
4
3
√
2g¯27 +
4
9
√
2g¯28 +
4
3
√
2g¯29 +
g¯212
2
√
2
+
3g¯213
2
√
2
+
√
2g¯214
)}
.
3.3.4 Fermion masses
βµ =β
MES
µ +
1
16pi2
µ
(
z2e
2
+
z2l
2
+
3z2q∗
2
)
+
1
(16pi2)2
{
cd
(
6ytzuzq∗ − 9
2
zq∗ g¯3g¯6 + g¯1
(
−1
2
zq∗ g¯5
−zdg¯10)) + 3
4
M2g¯3g¯4g¯
2
13 +M1g¯1g¯2
(
g¯210
6
+
g¯212
4
+
g¯214
2
)
+ cl
(
−3
2
zlg¯3g¯13 + g¯1
(
1
2
zlg¯12
−zeg¯14))+µ
(
121g41
200
+
11g42
8
− z4e −
13z4l
8
− y2τ
(
z2e
4
+
z2l
8
)
+ 17g23z
2
q∗ −
3
8
y2bz
2
q∗ −
3
8
y2t z
2
q∗
− 27
4
z2qz
2
q∗ −
39z4q∗
8
+ g21
(
33z2e
16
+
3z2l
2
+ z2q∗
)
+ g22
(
33z2e
16
+ 3z2l + 9z
2
q∗
)
− 1
96
z2q∗ g¯
2
5
− 9
32
z2q∗ g¯
2
6 −
1
2
z2q∗ g¯
2
7 +
(
− z
2
d
24
− z
2
q∗
4
)
g¯210 +
(
−z
2
d
2
− 3z2q∗
)
g¯211 +
(
−3z
2
e
16
− z
2
l
32
)
g¯212
40
+(
−9z
2
e
16
− 3z
2
l
32
)
g¯213 −
3
64
g¯23 g¯
2
13 −
3
64
g¯24 g¯
2
13 +
(
−z
2
e
8
− 3z
2
l
4
)
g¯214 + g¯
2
1
(
− g¯
2
10
96
− g¯
2
12
64
− g¯
2
14
32
)
+ g¯22
(
− g¯
2
10
96
− g¯
2
12
64
− g¯
2
14
32
))}
,
βM1 =β
MES
M1
+
1
16pi2
M1
(
g¯210
3
+
g¯212
2
+ g¯214
)
+
1
(16pi2)2
{
µ
(
z2e + z
2
l + 3z
2
q∗
)
g¯1g¯2
+ cd
(
−4
3
ybg¯5g¯10 + g¯2 (2zq∗ g¯5 + 4zdg¯10)
)
+
8
9
M3g¯
2
10g¯
2
11 +
3
4
M2g¯
2
12g¯
2
13 + cl (4yτ g¯12g¯14
+g¯2 (4zeg¯14 − 2zlg¯12)) +M1
((
−z
2
e
8
− z
2
l
8
− 3z
2
q∗
8
)
g¯22 −
1
24
z2q∗ g¯
2
5 +
34
9
g23 g¯
2
10 −
1
6
y2b g¯
2
10
+
g¯410
108
+ g¯210
(
−z
2
d
6
− z2q∗ −
7g¯211
9
)
+
51
16
g22 g¯
2
12 +
g¯412
32
+ g¯212
(
−3z
2
e
4
− z
2
l
8
− 21g¯
2
13
32
)
+
(
−z
2
e
2
− 3z2l
)
g¯214 +
g¯414
4
+ y2τ
(
− g¯
2
12
8
− g¯
2
14
2
)
+ g21
(
17g¯210
90
+
51g¯212
80
+
51g¯214
10
))}
,
βM2 =β
MES
M2
+
1
32pi2
M2g¯
2
13 +
1
(16pi2)2
{
µ
(
z2e + z
2
l + 3z
2
q∗
)
g¯3g¯4 + 6cdzq∗ g¯4g¯6 + 2clzlg¯4g¯13
+
1
4
M1g¯
2
12g¯
2
13 +M2
(
11g42
3
+
(
−z
2
e
8
− z
2
l
8
− 3z
2
q∗
8
)
g¯24 −
3
8
z2q∗ g¯
2
6 +
51
80
g21 g¯
2
13 +
91
16
g22 g¯
2
13
−1
8
y2τ g¯
2
13 +
(
−3z
2
e
4
− z
2
l
8
)
g¯213 −
7
32
g¯212g¯
2
13 −
29g¯413
32
)}
,
βM3 =β
MES
M3
+
1
32pi2
M3g¯
2
11 +
1
(16pi2)2
{
4cdybg¯7g¯11 +
1
9
M1g¯
2
10g¯
2
11 +M3
(
11g43
2
− 1
4
z2q∗ g¯
2
7
+
17
60
g21 g¯
2
11 +
113
12
g23 g¯
2
11 −
1
4
y2b g¯
2
11 +
(
−z
2
d
4
− 3z
2
q∗
2
)
g¯211 −
7
72
g¯210g¯
2
11 −
4g¯411
3
)}
.
3.3.5 Scalar trilinear couplings
βau =β
MES
au +
1
16pi2
4clγ˜30,
41
βcd =
1
16pi2
{
4clγ˜29 + 3M2zq∗ g¯4g¯6 + µ
(
4ytzuzq∗ − 3zq∗ g¯3g¯6 + g¯1
(
−1
3
zq∗ g¯5 − 2
3
zdg¯10
))
+M1
(
−2
9
ybg¯5g¯10 + g¯2
(
1
3
zq∗ g¯5 +
2
3
zdg¯10
))
+
16
3
M3ybg¯7g¯11 + cd
(
−7g
2
1
6
− 9g
2
2
2
− 8g23
+ 3y2b + 3y
2
t + y
2
τ + z
2
d + z
2
u + 2z
2
q∗ +
γ˜2
6
+
γ˜4
3
+
γ˜9
9
+
3γ˜22
2
− 8γ˜27
3
+
g¯21
4
+
g¯22
4
+
3g¯23
4
+
3g¯24
4
+
g¯25
36
+
3g¯26
4
+
4g¯27
3
+
g¯210
9
+
4g¯211
3
)}
,
βcl =
1
16pi2
{
12cdγ˜29 + 12auγ˜30 + 3M2zlg¯4g¯13 + cl
(
3y2b −
9g21
2
− 9g
2
2
2
+ 3y2t + y
2
τ + z
2
e + 2z
2
l
− γ˜5
2
+ γ˜6 − γ˜20 + 3γ˜23
2
+
g¯21
4
+
g¯22
4
+
3g¯23
4
+
3g¯24
4
+
g¯212
4
+
3g¯213
4
+ g¯214
)
+ µ (−3zlg¯3g¯13
+g¯1 (zlg¯12 − 2zeg¯14)) +M1 (2yτ g¯12g¯14 + g¯2 (−zlg¯12 + 2zeg¯14))} .
3.3.6 Scalar masses
βm2H =β
MES
m2H
+
1
16pi2
{
6c2d + 2c
2
l +m
2
Dγ˜4 −m2Lγ˜5 +m2eγ˜6
}
+
1
(16pi2)2
{
16M23 y
2
b g¯
2
11
+ cd
(
2
3
M1ybg¯5g¯10 − 16M3ybg¯7g¯11
)
+ c2d
(
−7g
2
1
10
+
9g22
2
+ 64g23 − 6z2d − 6z2u − 12z2q∗
−9γ˜1
2
− 2γ˜2 − 4γ˜4 − 9γ˜22 − g¯
2
5
6
− 9g¯
2
6
2
− 8g¯27 −
2g¯210
3
− 8g¯211
)
+m2D
(
3g41
5
+
8
15
g21 γ˜4
+
32
3
g23 γ˜4 − 4z2q∗ γ˜4 −
γ˜24
3
− 2ybzq∗ g¯2g¯10 − 2
9
γ˜4g¯
2
10 −
8
3
γ˜4g¯
2
11
)
+M22
(
3
2
z2e g¯
2
4 +
3
2
z2l g¯
2
4
+
9
2
z2q∗ g¯
2
4 − 6yτzeg¯4g¯13 + 3y2τ g¯213 +
9
4
g¯23 g¯
2
13 +
9
4
g¯24 g¯
2
13
)
+m2L
(
9g41
10
+
15g42
2
− 6
5
g21 γ˜5
−6g22 γ˜5 + 2z2e γ˜5 −
γ˜25
2
− 3γ˜
2
23
2
+
1
2
γ˜5g¯
2
12 +
3
2
γ˜5g¯
2
13 + yτze (g¯2g¯12 − 3g¯4g¯13)
)
− 2clM1yτ g¯12g¯14+c2l
(
51g21
10
+
3g22
2
− 2z2e− 4z2l −
3γ˜1
2
+ 2γ˜5 − 4γ˜6 − 3γ˜23 − g¯
2
12
2
− 3g¯
2
13
2
42
−2g¯214
)
+m2e
(
9g41
5
+
24
5
g21 γ˜6 − 4z2l γ˜6 − γ˜26 − 2yτzlg¯2g¯14 − 2γ˜6g¯214
)
+m2H
(
121g41
200
+
11g42
8
− 9
2
y2t z
2
q∗ −
γ˜24
12
− γ˜
2
5
8
− γ˜
2
6
4
− 3γ˜
2
23
8
+ z2q∗
(
−9g¯
2
2
8
− 27g¯
2
4
8
)
+ z2e
(
−3g¯
2
2
8
− 9g¯
2
4
8
)
+ z2l
(
−3g¯
2
2
8
− 9g¯
2
4
8
)
+ 2ybzq∗ g¯2g¯10 + y
2
b
(
−9z
2
q∗
2
− g¯
2
10
2
− 6g¯211
)
− 9
16
g¯23 g¯
2
13 −
9
16
g¯24 g¯
2
13
+ yτ (ze (−g¯2g¯12 + 3g¯4g¯13) + 2zlg¯2g¯14) + y2τ
(
−3z2e −
3z2l
2
− 3g¯
2
12
8
− 9g¯
2
13
8
− 3g¯
2
14
2
)
+g¯21
(
− g¯
2
10
8
− 3g¯
2
12
16
− 3g¯
2
14
8
)
+ g¯22
(
− g¯
2
10
8
− 3g¯
2
12
16
− 3g¯
2
14
8
))
+ µ2
(
y2τ
(
8z2e + 4z
2
l
)
+ 12y2bz
2
q∗ + 12y
2
t z
2
q∗ + z
2
e
(
g¯21
2
+ g¯22 +
3g¯23
2
+ 3g¯24
)
+ z2l
(
g¯21
2
+ g¯22 +
3g¯23
2
+ 3g¯24
)
+ z2q∗
(
3g¯21
2
+ 3g¯22 +
9g¯23
2
+ 9g¯24
)
− 4ybzq∗ g¯2g¯10 + 3
4
g¯23 g¯
2
13 +
3
4
g¯24 g¯
2
13 + yτ (ze (2g¯2g¯12
−6g¯4g¯13)− 4zlg¯2g¯14)+g¯21
(
g¯210
6
+
g¯212
4
+
g¯214
2
)
+ g¯22
(
g¯210
6
+
g¯212
4
+
g¯214
2
))
+M21
(
1
2
z2e g¯
2
2
+
1
2
z2l g¯
2
2 +
3
2
z2q∗ g¯
2
2 − 4ybzq∗ g¯2g¯10 +
4
3
y2b g¯
2
10 + yτ (2zeg¯2g¯12 − 4zlg¯2g¯14) + g¯21
(
g¯210
2
+
3g¯212
4
+
3g¯214
2
)
+ g¯22
(
g¯210
2
+
3g¯212
4
+
3g¯214
2
)
+ y2τ
(
g¯212 + 4g¯
2
14
))
+ µ (−12cdytzuzq∗
+M2
(−3z2e g¯3g¯4 − 3z2l g¯3g¯4 − 9z2q∗ g¯3g¯4 + 6yτzeg¯3g¯13 − 3g¯3g¯4g¯213)+M1 (−z2e g¯1g¯2
− z2l g¯1g¯2 − 3z2q∗ g¯1g¯2 + 4ybzq∗ g¯1g¯10 + yτ (−2zeg¯1g¯12 + 4zlg¯1g¯14) + g¯1g¯2
(
−2g¯
2
10
3
− g¯212
−2g¯214
)))}
,
βm2Q =β
MES
m2Q
+
1
16pi2
{
2c2d +
1
3
m2Dγ˜9 −
1
3
m2Lγ˜10 +
1
3
m2eγ˜11
}
+
1
(16pi2)2
{
c2l
(
− γ˜2
3
+
γ˜10
3
−2γ˜11
3
)
− 4auclγ˜30− 2m2U γ˜230+ µcdzq∗
(
1
3
g¯1g¯5 + 3g¯3g¯6
)
− cd
(
4clγ˜29 +
2
3
M1zdg¯2g¯10
)
+ c2d
(
49g21
30
+
3g22
2
+
8g23
3
− 6y2b − 6y2t − 2y2τ − 4z2q∗ −
4γ˜2
3
− 7γ˜7
18
− 8γ˜9
9
− 3γ˜22 − 3γ˜24
2
+
16γ˜27
3
− g¯
2
1
2
− g¯
2
2
2
− 3g¯
2
3
2
− 3g¯
2
4
2
− 2g¯
2
10
9
− 8g¯
2
11
3
)
+M23
(
8
3
z2q∗ g¯
2
7 −
32
3
zdzq∗ g¯7g¯11
+
16
3
z2d g¯
2
11 + 4g¯
2
7 g¯
2
11
)
+m2D
(
g41
15
+
40g43
3
+
8
45
g21 γ˜9 +
32
9
g23 γ˜9 −
4
3
z2q∗ γ˜9 −
γ˜29
27
− 8γ˜
2
27
3
−2γ˜229−
2
27
γ˜9g¯
2
10−
8
9
γ˜9g¯
2
11+zdzq∗
(
2
9
g¯5g¯10 − 16
3
g¯7g¯11
))
+ µ2
(
2z2ez
2
u + 2z
2
l z
2
u + 6z
2
uz
2
q∗
43
+ z2q∗
(
g¯25
9
+3g¯26 +
16g¯27
3
)
+zdzq∗
(
4
9
g¯5g¯10 − 32
3
g¯7g¯11
)
+ z2d
(
4z2e + 4z
2
l + 12z
2
q∗ +
2g¯210
9
+
8g¯211
3
))
+m2L
(
g41
10
+
15g42
2
− 2
5
g21 γ˜10 − 2g22 γ˜10 +
2
3
z2e γ˜10 −
γ˜210
18
− 3γ˜
2
25
2
− 2γ˜229 − 2γ˜230
+
1
6
γ˜10g¯
2
12 +
1
2
γ˜10g¯
2
13
)
+M22
(
3
2
z2q∗ g¯
2
6 +
9
4
g¯26 g¯
2
13
)
+m2e
(
g41
5
+
8
5
g21 γ˜11 −
4
3
z2l γ˜11 −
γ˜211
9
−2γ˜229 − 2γ˜230 −
2
3
γ˜11g¯
2
14
)
+m2Q
(
121g41
1800
+
11g42
8
+
22g43
9
− γ˜
2
9
108
− γ˜
2
10
72
− γ˜
2
11
36
− 3γ˜
2
25
8
− 2γ˜
2
27
3
+ γ˜229 + γ˜
2
30 + z
2
q∗
(
− g¯
2
5
24
− 9g¯
2
6
8
− 2g¯27
)
− g¯27 g¯211 + zdzq∗
(
−2
9
g¯5g¯10 +
16
3
g¯7g¯11
)
+z2d
(
−3z
2
e
2
− 3z
2
l
2
− 9z
2
q∗
2
− g¯
2
10
6
− 2g¯211
)
− 9
16
g¯26 g¯
2
13 + g¯
2
5
(
− g¯
2
10
72
− g¯
2
12
48
− g¯
2
14
24
))
+M21
(
1
18
z2q∗ g¯
2
5 +
4
9
zdzq∗ g¯5g¯10 +
4
9
z2d g¯
2
10 + g¯
2
5
(
g¯210
18
+
g¯212
12
+
g¯214
6
))}
,
βm2U =β
MES
m2U
+
1
16pi2
{
−4
3
m2Dγ˜13 +
4
3
m2Lγ˜14 −
4
3
m2eγ˜15
}
+
1
(16pi2)2
{
µ2
(
4z2ez
2
q + z
2
q
(
4z2l
+16z2q∗
))
+ c2d
(
4γ˜3 +
4γ˜8
3
+
8γ˜13
3
)
+ c2l
(
4γ˜3
3
− 4γ˜14
3
+
8γ˜15
3
)
− 8auclγ˜30 − 4m2Qγ˜230
+ 4M23 g¯
2
9 g¯
2
11 +m
2
D
(
16g41
15
+
40g43
3
− 32
45
g21 γ˜13 −
128
9
g23 γ˜13 +
16
3
z2q∗ γ˜13 −
16γ˜213
27
− 8γ˜
2
28
3
+
8
27
γ˜13g¯
2
10 +
32
9
γ˜13g¯
2
11
)
+m2L
(
8g41
5
+
8
5
g21 γ˜14 + 8g
2
2 γ˜14 −
8
3
z2e γ˜14 −
8γ˜214
9
− 4γ˜230
−2
3
γ˜14g¯
2
12 − 2γ˜14g¯213
)
+m2e
(
16g41
5
− 32
5
g21 γ˜15 +
16
3
z2l γ˜15 −
16γ˜215
9
− 4γ˜230 +
8
3
γ˜15g¯
2
14
)
+m2U
(
242g41
225
+
22g43
9
− 3z2qz2q∗ −
4γ˜213
27
− 2γ˜
2
14
9
− 4γ˜
2
15
9
− 2γ˜
2
28
3
+ 2γ˜230 −
2
9
g¯28 g¯
2
10 − g¯29 g¯211
+g¯28
(
− g¯
2
12
3
− 2g¯
2
14
3
))
+M21
(
8
9
g¯28 g¯
2
10 + g¯
2
8
(
4g¯212
3
+
8g¯214
3
))}
,
βm2D =
1
16pi2
{
4c2d − 8µ2z2q∗ +
2
3
m2H γ˜4 +
2
3
m2Qγ˜9 −
4
3
m2U γ˜13 −
2
3
m2Lγ˜17 +
2
3
m2eγ˜18 −
4
9
M21 g¯
2
10
−16
3
M23 g¯
2
11 +m
2
D
(
4z2q∗ −
2g21
5
− 8g23 +
8γ˜16
9
+
2g¯210
9
+
8g¯211
3
)}
+
1
(16pi2)2
{
a2u (−2γ˜4
−2γ˜9
3
+
8γ˜13
3
)
+ c2l
(
2γ˜17
3
− 2γ˜4
3
− 4γ˜18
3
)
− cd
(
8clγ˜29 +
2
3
M1zq∗ g¯2g¯5 + 6M2zq∗ g¯4g¯6
)
44
+M22
(
6z2q∗ g¯
2
4 + 6z
2
q∗ g¯
2
6
)
+ c2d
(
28g21
15
+ 24g22 +
16g23
3
− 12y2b − 12y2t − 4y2τ − 4z2d − 4z2u
−10γ˜4
3
− 10γ˜9
9
− 16γ˜16
9
+
32γ˜27
3
− g¯21 − g¯22 − 3g¯23 − 3g¯24 −
g¯25
9
− 3g¯26 −
16g¯27
3
)
+m2U
(
16g41
15
+
40g43
3
− 16γ˜
2
13
27
− 8γ˜
2
28
3
+γ˜13
(
16z2q
3
− 128g
2
1
45
− 128g
2
3
9
+
32g¯28
27
+
32g¯29
9
))
+m2H
(
2g41
5
− 2γ˜
2
4
9
+ γ˜4
(
4g21
5
+ 4g22 − 4y2b − 4y2t −
4y2τ
3
− g¯
2
1
3
− g¯
2
2
3
− g¯23 − g¯24
)
−4
3
ybzq∗ g¯2g¯10
)
+ µ
(
M2
(−12z2q∗ g¯3g¯4 − 2γ˜4g¯3g¯4)+ 43cdzdg¯1g¯10 +M1
(
−2
3
γ˜4g¯1g¯2
+g¯1
(
8
3
ybzq∗ g¯10− g¯2
(
4z2q∗+
8g¯210
9
))))
+
32
27
M1M3g¯
2
10g¯
2
11 +m
2
Q
(
2g41
15
+
80g43
3
− 2γ˜
2
9
27
− 16γ˜
2
27
3
− 4γ˜229+γ˜9
(
4g21
45
+4g22 +
64g23
9
− 4z
2
d
3
− 4z
2
u
3
− g¯
2
5
27
− g¯26 −
16g¯27
9
)
+
4
9
zdzq∗ g¯5g¯10
−32
3
zdzq∗ g¯7g¯11
)
+µ2
(
4y2bz
2
q∗−
24g41
25
− 16
5
g21z
2
q∗− 24g22z2q∗+ 4y2t z2q∗ + 24z2dz2q∗ + 8z2ez2q∗
+ 8z2l z
2
q∗ + 16z
2
qz
2
q∗ + 12z
2
uz
2
q∗ + 36z
4
q∗ + 3z
2
q∗ g¯
2
3 + 6z
2
q∗ g¯
2
4 +
1
9
z2q∗ g¯
2
5 + 3z
2
q∗ g¯
2
6 +
16
3
z2q∗ g¯
2
7
− 8
3
ybzq∗ g¯2g¯10 +
8
9
zdzq∗ g¯5g¯10 +
8
9
z2d g¯
2
10 + g¯
2
1
(
z2q∗ +
2g¯210
9
)
+ g¯22
(
2z2q∗ +
2g¯210
9
)
−64
3
zdzq∗ g¯7g¯11+
32
3
z2d g¯
2
11
)
+M23
(
−96g43−
64
3
zdzq∗ g¯7g¯11− 48g23 g¯211+
(
16y2b
3
+
16z2d
3
)
g¯211
+4g¯29 g¯
2
11 +
8
9
g¯210g¯
2
11 +
124g¯411
9
+ g¯27
(
32z2q∗
3
+ 8g¯211
))
+m2L
(
2g41
5
− 2γ˜
2
17
9
− 4γ˜229
+γ˜17
(
4z2e
3
− 4g
2
1
5
− 4g22 +
g¯212
3
+ g¯213
))
+m2e
(
4g41
5
− 4γ˜
2
18
9
− 4γ˜229 + γ˜18
(
16g21
5
− 8z
2
l
3
−4g¯
2
14
3
))
+m2D
(
1043g41
450
− 70g
4
3
3
+ 15g22z
2
q∗ − 3y2bz2q∗ − 3y2t z2q∗ − 9z2dz2q∗ − 3z2ez2q∗
− 3z2l z2q∗ − 3z2qz2q∗ − 12z4q∗ −
γ˜24
18
− γ˜
2
9
54
− 4γ˜
2
13
27
− 20γ˜
2
16
81
− γ˜
2
17
18
− γ˜
2
18
9
− 4γ˜
2
27
3
− 2γ˜
2
28
3
+ 2γ˜229 −
9
4
z2q∗ g¯
2
4 −
9
4
z2q∗ g¯
2
6 +
4
3
ybzq∗ g¯2g¯10 − 4
9
zdzq∗ g¯5g¯10 − 1
12
g¯21 g¯
2
10 −
2
9
g¯28 g¯
2
10 −
2g¯410
27
+ g¯22
(
−3z
2
q∗
4
− g¯
2
10
12
)
+ g¯25
(
−z
2
q∗
12
− g¯
2
10
36
)
+
32
3
zdzq∗ g¯7g¯11 +
(−4y2b − 4z2d) g¯211 − g¯29 g¯211
− 11g¯
4
11
3
+ γ˜16
(
64g21
135
+
256g23
27
− 32z
2
q∗
9
− 16g¯
2
10
81
− 64g¯
2
11
27
)
+ g¯27
(−4z2q∗ − 2g¯211)
45
+ g21
(
8g23
9
+
5z2q∗
3
+
g¯210
27
+
4g¯211
9
)
+ g23
(
40z2q∗
3
+
20g¯210
27
+
260g¯211
9
)
+ g¯210
(
−y
2
b
3
− z
2
d
3
−4g¯
2
11
9
− g¯
2
12
12
− g¯
2
14
6
))
+M21
(
8
9
zdzq∗ g¯5g¯10 − 8
3
ybzq∗ g¯2g¯10 +
1
3
g¯21 g¯
2
10 +
8
9
g¯28 g¯
2
10 +
28g¯410
81
+g¯25
(
2z2q∗
9
+
g¯210
9
)
+ g¯22
(
2z2q∗ +
g¯210
3
)
+ g¯210
(
4y2b
9
+
4z2d
9
+
8g¯211
9
+
g¯212
3
+
2g¯214
3
))}
,
βm2L =
1
16pi2
{
2c2l − 4µ2z2e −m2H γ˜5 −m2Qγ˜10 + 2m2U γ˜14 −m2Dγ˜17 −m2eγ˜20 −M21 g¯212 − 3M22 g¯213
+m2L
(
−9g
2
1
10
− 9g
2
2
2
+ 2z2e +
3γ˜19
2
+
g¯212
2
+
3g¯213
2
)}
+
1
(16pi2)2
{
a2u (3γ˜5 + γ˜10 − 4γ˜14)
+ c2d (3γ˜5+γ˜10+2γ˜17)− 12cdclγ˜29− 12auclγ˜30+m2Q
(
3g41
10
+
45g42
2
− 2
15
g21 γ˜10 − 6g22 γ˜10
−32
3
g23 γ˜10+2z
2
dγ˜10+2z
2
uγ˜10−
γ˜210
6
− 9γ˜
2
25
2
− 6γ˜229 − 6γ˜230 +
1
18
γ˜10g¯
2
5 +
3
2
γ˜10g¯
2
6 +
8
3
γ˜10g¯
2
7
)
+m2U
(
12g41
5
+
64
15
g21 γ˜14 +
64
3
g23 γ˜14 − 8z2q γ˜14 −
4γ˜214
3
− 6γ˜230 −
16
9
γ˜14g¯
2
8 −
16
3
γ˜14g¯
2
9
)
+m2D
(
3g41
5
− 8
15
g21 γ˜17 −
32
3
g23 γ˜17 + 4z
2
q∗ γ˜17 −
γ˜217
3
− 6γ˜229 +
2
9
γ˜17g¯
2
10 +
8
3
γ˜17g¯
2
11
)
+
3
2
M1M2g¯
2
12g¯
2
13 +M
2
2
(
−36g42 + 3z2e g¯24 − 6yτzeg¯4g¯13 − 18g22 g¯213 +
3
2
y2τ g¯
2
13 +
3
2
z2l g¯
2
13
+
9
4
g¯23 g¯
2
13+
9
4
g¯24 g¯
2
13+
27
4
g¯26 g¯
2
13+
9
8
g¯212g¯
2
13 +
39g¯413
8
)
+m2H
(
9g41
10
+
15g42
2
− 6
5
g21 γ˜5 − 6g22 γ˜5
+ 6y2b γ˜5+6y
2
t γ˜5+2y
2
τ γ˜5 −
γ˜25
2
− 3γ˜
2
23
2
+
1
2
γ˜5g¯
2
1 +
1
2
γ˜5g¯
2
2 +
3
2
γ˜5g¯
2
3 +
3
2
γ˜5g¯
2
4 + yτze (g¯2g¯12
−3g¯4g¯13)) + µ
(
M1
(−2z2e g¯1g¯2 − 2yτzeg¯1g¯12 + g¯1g¯2 (γ˜5 − 2g¯212))+ clzl (3g¯3g¯13 − g¯1g¯12)
+M2
(−6z2e g¯3g¯4 + 6yτzeg¯3g¯13 + g¯3g¯4 (3γ˜5 − 6g¯213)))− 2clM1zeg¯2g¯14 + c2l (51g2110 + 3g222
−6y2b − 6y2t − 2y2τ − 4z2l + 2γ˜5 −
3γ˜19
2
+ 4γ˜20 − 3γ˜23 − g¯
2
1
2
− g¯
2
2
2
− 3g¯
2
3
2
− 3g¯
2
4
2
− 2g¯214
)
+m2e
(
9g41
5
− 24
5
g21 γ˜20 + 4z
2
l γ˜20 − γ˜220 − 6γ˜229 − 6γ˜230 − 2zezlg¯12g¯14 + 2γ˜20g¯214
)
+m2L
(
2231g41
400
+
63g42
16
− 9z
4
e
2
− γ˜
2
5
8
− γ˜
2
10
24
− γ˜
2
14
3
− γ˜
2
17
12
− 15γ˜
2
19
16
− γ˜
2
20
4
− 3γ˜
2
23
8
− 9γ˜
2
25
8
+ 3γ˜229 + 3γ˜
2
30 −
3
16
g¯21 g¯
2
12 −
3
16
g¯22 g¯
2
12 −
1
16
g¯25 g¯
2
12 −
1
2
g¯28 g¯
2
12 −
1
8
g¯210g¯
2
12 −
9g¯412
32
− 9
4
γ˜19g¯
2
13
46
− 9
16
g¯23 g¯
2
13 −
9
16
g¯24 g¯
2
13 −
27
16
g¯26 g¯
2
13 −
45g¯413
32
+ yτze (3g¯4g¯13 − g¯2g¯12)− z2l
(
3g¯212
8
+
9g¯213
8
)
+ y2τ
(
−3z2e −
3g¯212
8
− 9g¯
2
13
8
)
+ g21
(
9g22
8
+
15z2e
4
+
9γ˜19
5
+
3g¯212
16
+
9g¯213
16
)
+ g22
(
15z2e
4
+9γ˜19 +
15g¯212
16
+
165g¯213
16
)
+ 2zezlg¯12g¯14 − z2e
(
9z2d
2
+
3z2l
2
+
9z2q∗
2
+ 3γ˜19 +
3g¯22
8
+
9g¯24
8
+
3g¯214
2
)
− g¯212
(
3γ˜19
4
+
9g¯213
16
+
3g¯214
8
))
+ µ2
(
4y2τz
2
e −
54g41
25
− 18g42 −
18
5
g21z
2
e − 6g22z2e
+ 16z4e+
1
2
g¯21 g¯
2
12+
1
2
g¯22 g¯
2
12 +
3
2
g¯23 g¯
2
13 +
3
2
g¯24 g¯
2
13 + yτze (2g¯2g¯12 − 6g¯4g¯13) + z2l
(
g¯212 + 3g¯
2
13
)
−4zezlg¯12g¯14 + z2e
(
12z2d + 4z
2
l + 6z
2
q + 6z
2
u + 12z
2
q∗ +
g¯21
2
+ g¯22 +
3g¯23
2
+ 3g¯24 + 2g¯
2
14
))
+M21
(
2yτzeg¯2g¯12 +
1
2
y2τ g¯
2
12 +
1
2
z2l g¯
2
12 +
3
4
g¯21 g¯
2
12 +
3
4
g¯22 g¯
2
12 +
1
4
g¯25 g¯
2
12 + 2g¯
2
8 g¯
2
12 +
1
2
g¯210g¯
2
12
+
11g¯412
8
− 4zezlg¯12g¯14 + g¯212
(
9g¯213
8
+
3g¯214
2
)
+ z2e
(
g¯22 + 4g¯
2
14
))}
,
βm2E =
1
16pi2
{
4c2l − 8µ2z2l + 2m2H γ˜6 + 2m2Qγ˜11 − 4m2U γ˜15 + 2m2Dγ˜18 − 2m2Lγ˜20 − 4M21 g¯214
+m2e
(
−18g
2
1
5
+ 4z2l + 4γ˜21 + 2g¯
2
14
)}
+
1
(16pi2)2
{
a2u (−6γ˜6 − 2γ˜11 + 8γ˜15) + c2d (−6γ˜6
−2γ˜11 − 4γ˜18)− 24cdclγ˜29 − 24auclγ˜30 +m2Q
(
6g41
5
+
4
15
g21 γ˜11 + 12g
2
2 γ˜11 +
64
3
g23 γ˜11
−4z2dγ˜11− 4z2uγ˜11−
2γ˜211
3
− 12γ˜229− 12γ˜230−
1
9
γ˜11g¯
2
5 − 3γ˜11g¯26 −
16
3
γ˜11g¯
2
7
)
+m2U
(
48g41
5
−128
15
g21 γ˜15−
128
3
g23 γ˜15+16z
2
q γ˜15−
16γ˜215
3
− 12γ˜230+
32
9
γ˜15g¯
2
8 +
32
3
γ˜15g¯
2
9
)
+m2D
(
12g41
5
+
16
15
g21 γ˜18+
64
3
g23 γ˜18− 8z2q∗ γ˜18−
4γ˜218
3
− 12γ˜229 −
4
9
γ˜18g¯
2
10 −
16
3
γ˜18g¯
2
11
)
+ cl (2M1zlg¯2g¯12
−6M2zlg¯4g¯13) + c2l
(
24g22 −
12g21
5
− 12y2b − 12y2t − 4y2τ − 4z2e − 6γ˜6+ 6γ˜20 − 8γ˜21 − g¯21
−g¯22 − 3g¯23 − 3g¯24 − g¯212 − 3g¯213
)
+M22 z
2
l
(
6g¯24 + 6g¯
2
13
)
+m2H
(
18g41
5
+
12
5
g21 γ˜6 + 12g
2
2 γ˜6
−12y2b γ˜6 − 12y2t γ˜6 − 4y2τ γ˜6 − 2γ˜26 − γ˜6g¯21 − γ˜6g¯22 − 3γ˜6g¯23 − 3γ˜6g¯24 − 4yτzlg¯2g¯14
)
+m2L
(
18g41
5
− 12
5
g21 γ˜20 − 12g22 γ˜20 + 4z2e γ˜20 − 2γ˜220 − 12γ˜229 − 12γ˜230 + γ˜20g¯212 + 3γ˜20g¯213
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−4zezlg¯12g¯14) +M21
(
z2l
(
2g¯22 + 2g¯
2
12
)− 8yτzlg¯2g¯14 − 8zezlg¯12g¯14 + 4y2τ g¯214 + 4z2e g¯214
+3g¯21 g¯
2
14+3g¯
2
2 g¯
2
14+g¯
2
5 g¯
2
14+8g¯
2
8 g¯
2
14+2g¯
2
10g¯
2
14 + 3g¯
2
12g¯
2
14 + 16g¯
4
14
)
+m2e
(
1363g41
50
+ 15g22z
2
l
− 6z4l −
γ˜26
2
− γ˜
2
11
6
− 4γ˜
2
15
3
− γ˜
2
18
3
− γ˜
2
20
2
− 10γ˜221 + 6γ˜229 + 6γ˜230 + z2l
(−9z2d − 9z2q∗ − 16γ˜21
−3g¯
2
2
4
− 9g¯
2
4
4
− 3g¯
2
12
4
− 9g¯
2
13
4
)
+ 4yτzlg¯2g¯14 + 4zezlg¯12g¯14 − 8γ˜21g¯214 −
3
4
g¯21 g¯
2
14 −
3
4
g¯22 g¯
2
14
− 1
4
g¯25 g¯
2
14 − 2g¯28 g¯214 −
1
2
g¯210g¯
2
14 −
3
4
g¯212g¯
2
14 − 3g¯414 + y2τ
(−3z2l − 3g¯214)− z2e (3z2l + 3g¯214)
+g21
(
3z2l +
96γ˜21
5
+ 3g¯214
))
+ µ2
(
4y2τz
2
l −
216g41
25
− 24g22z2l + 20z4l + z2l
(
24z2d+12z
2
q
+12z2u+24z
2
q∗+g¯
2
1 +2g¯
2
2 +3g¯
2
3 + 6g¯
2
4 + g¯
2
12 + 3g¯
2
13
)− 8yτzlg¯2g¯14 − 8zezlg¯12g¯14+ 2g¯21 g¯214
+2g¯22 g¯
2
14+z
2
e
(
8z2l +8g¯
2
14
))
+µ
(−M2 (12z2l g¯3g¯4 + 6γ˜6g¯3g¯4)+ 4clzeg¯1g¯14+M1 (−4z2l g¯1g¯2
+8yτzlg¯1g¯14 + g¯1g¯2
(−2γ˜6 − 8g¯214)))} .
3.3.7 Higgs anomalous dimension
γH =γ
MES
H +
1
(16pi2)2
{
g¯2g¯10ybzq∗ − 1
4
g¯210y
2
b − 3g¯211y2b + g¯22
(
− g¯
2
10
16
− 3g¯
2
14
16
− 3g¯
2
12
32
− 1
16
3z2e
−3z
2
l
16
− 9z
2
q∗
16
)
+ g¯24
(
−9g¯
2
13
32
− 1
16
9z2e −
9z2l
16
− 27z
2
q∗
16
)
+ y2τ
(
−3g¯
2
14
4
− 3g¯
2
12
16
− 9g¯
2
13
16
−3z
2
e
2
− 3z
2
l
4
)
+ yτ
(
g¯2
(
g¯14zl − 1
2
g¯12ze
)
+
3
2
g¯4g¯13ze
)
+
(
− g¯
2
10
16
− 3g¯
2
14
16
− 3g¯
2
12
32
)
g¯21
− 9
32
g¯23 g¯
2
13 +
γ˜24
24
+
γ˜25
16
+
γ˜26
8
+
3γ˜223
16
− 9
4
y2bz
2
q∗ +
121g41
400
+
11g42
16
− 9
4
z2q∗y
2
t
}
.
4 Final comments
This paper presents results for the beta functions of the low energy theories that result from
decoupling heavy sparticles in the following hierarchical SUSY scenarios: Split SUSY and
minimal as well as nonminimal Effective SUSY realizations.
What is the expected range of validity of the low energy effective theories? The answer can
be estimated by means of considerations about fine-tuning, at least for the Effective SUSY
scenarios, which still allow for naturalness. The low-energy effective theories by themselves
do not solve the hierarchy problem associated with the sensitivity of the Higgs mass param-
eters with respect to potential new Physics at higher scales; rather, this problem is fixed by
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the corresponding supersymmetric ultraviolet completions. The knowledge of the extra mat-
ter content of the latter can be used to estimate upper values for the cutoffs of the effective
theories for a given amount of fine-tuning. Rather than using quadratic divergences, which
are renormalization-scheme dependent –and in fact zero in dimensional regularization– con-
tributions to fine-tuning can be crudely estimated by the size of finite threshold corrections
due to additional heavy particles not present in the low energy theory. These finite threshold
corrections take the form
δMm
2
H ∼
λ˜
16pi2
M2,
where M is the mass of a potential new heavy state and λ˜ parametrizes its coupling to the
Higgs field (e.g. λ˜ ∼ y2 for the MSSM quartic scalar interactions, y denoting a Yukawa
coupling).
As such, if δm2H < 50GeV
2, particles coupling with the top Yukawa should not be heavier
than about 600 GeV, which is the usual expectation for the stop. This of course automatically
renders Split SUSY scenarios fine-tuned, so that naturalness arguments do not allow to fix
the cutoff; rather, one may obtain bounds by demanding that the gluinos decay sufficiently
fast so as to avoid constraints from heavy isotopes, which results in a bound of about Λ . 1013
GeV [4]. Concerning Effective SUSY scenarios, the supersymmetric ultraviolet completion
adds to the low energy fields the sbottom (in minimal scenarios), as well as the first and
second generation scalars; these fields couple to the Higgs with Yukawas that are around a
factor 40 or more smaller than the top Yukawa, so that the cutoffs for the low energy effective
SUSY scenarios can be as heavy as 20-60 TeV without incurring into significant fine-tuning.
Of course, above the mass scales of the MSSM there could be further heavy states, e.g.
a hidden sector, but as long as they belong to supersymmetric multiplets the threshold
corrections will cancel up to susy breaking effects.
As it was said in the introduction, the implementation of decoupling allows to resum in the
low energy RG flow some of the large finite corrections due to the heavy particles that were
integrated out. Due to this, significant deviations are expected between the MSSM RG and
the decoupled RG using the beta functions presented in this paper. As an illustration, fig. 1
shows the 2 loop running of m2Q33 and m
2
L33 in a minimal and nonminimal Effective SUSY
scenario, respectively, comparing the flows with and without decoupling; the differences
between the two reach ∼ 1 TeV2 at low energies, which serves as an estimation of the size
of the finite corrections caused by the heavy fields in the DR scheme with no decoupling
implemented. As it was anticipated, these finite corrections become very large and put into
question the reliability of perturbation theory. These effects are particularly relevant in the
case of very light third generation sparticles in Effective SUSY scenarios. The MSSM DR RG
effects of the heavy first and third generation sparticles tends to drive the third generation
scalar masses tachyonic, as in fig. 1, but large finite corrections may drive them positive
–however, computing the finite corrections when the tree-level masses are tachyonic may be
problematic, and for this reason many spectrum calculators, which use the non-decoupling
49
DR RG flow, discard scenarios in which this happens. Allowed scenarios only have positive
tree-level masses, but then the finite corrections render them rather large, and so very light
masses are not probed. These problems are much ameliorated by using the decoupled flow,
which automatically resums these corrections –for example in fig. 1 the running masses in the
decoupled flow stay positive. Therefore the parameter space can be enlarged by implementing
decoupling, particularly in the region of small third generation sparticle masses, which is of
particular interest due to the poor current constraints from the LHC [18].
Some phenomenological aspects of Effective SUSY scenarios using the decoupled RG
equations of this paper are analyzed in ref. [16].
Update: After this paper was written, results for an independent calculation of two-loop
beta functions for Split SUSY have been given in ref. [19]. Those results coincide with the
ones presented here for dimensionless couplings, though differed in the two-loop contributions
for the beta functions of gaugino masses in previous versions of this paper. These have been
corrected and now there is full agreement with ref. [19].
Acknowledgements
The author wishes to thank Sakura Scha¨fer-Nameki, Natalia Toro and Philip Schuster for
useful conversations. Research at the Perimeter Institute is supported in part by the Gov-
ernment of Canada through NSERC and by the Province of Ontario through MEDT. This
work was financed in part by the Spanish Ministry of Science and Innovation through project
FPA2011-24568
References
[1] O. Buchmueller et al., Eur.Phys.J. C72, 1878 (2012).
[2] Y. Kats, P. Meade, M. Reece, and D. Shih, JHEP 1202, 115 (2012), arXiv:1110.6444.
[3] N. Arkani-Hamed and S. Dimopoulos, JHEP 0506, 073 (2005), hep-th/0405159.
[4] G. Giudice and A. Romanino, Nucl.Phys. B699, 65 (2004), hep-ph/0406088.
[5] A. G. Cohen, D. Kaplan, and A. Nelson, Phys.Lett. B388, 588 (1996), hep-ph/9607394.
[6] S. Dimopoulos and G. Giudice, Phys.Lett. B357, 573 (1995), hep-ph/9507282.
[7] C. Brust, A. Katz, S. Lawrence, and R. Sundrum, (2011), 1110.6670.
[8] S. P. Martin and M. T. Vaughn, Phys.Rev. D50, 2282 (1994), hep-ph/9311340.
50
[9] N. Arkani-Hamed and H. Murayama, Phys.Rev. D56, 6733 (1997), hep-ph/9703259.
[10] M. Binger, Phys.Rev. D73, 095001 (2006), hep-ph/0408240.
[11] G. F. Giudice and A. Strumia, (2011), 1108.6077.
[12] M.-x. Luo, H.-w. Wang, and Y. Xiao, Phys.Rev. D67, 065019 (2003), hep-ph/0211440.
[13] M. E. Machacek and M. T. Vaughn, Nucl.Phys. B222, 83 (1983).
[14] M. E. Machacek and M. T. Vaughn, Nucl.Phys. B236, 221 (1984).
[15] M. E. Machacek and M. T. Vaughn, Nucl.Phys. B249, 70 (1985).
[16] C. Tamarit, JHEP 1206, 080 (2012), 1204.2645.
[17] M.-x. Luo and Y. Xiao, Phys.Rev.Lett. 90, 011601 (2003), hep-ph/0207271.
[18] Z. Han, A. Katz, D. Krohn, and M. Reece, (2012), 1205.5808.
[19] K. Benakli, L. Darme´, M. D. Goodsell, and P. Slavich, (2013), 1312.5220.
51
